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ABSTRACT 
Many of Iowa's pastures consist mainly of cool-season grasses, which have relatively 
low productivity during hot summer months. Utilization of warm-season grass pastures in 
combination with cool-season pastures can enhance the efficiency of forage growth for 
livestock production. By establishing legumes in warm-season grass pastures, forage quality 
can be improved. Legumes also reduce the amount of nitrogen fertilizer that is needed to 
support pasture growth. A complex mixture of legumes was interceded into existing warm-
season grass pastures in western Iowa. Forage quality values indicated that warm-season 
grass/legume pastures had the potential to enhance livestock production; however, actual 
animal gains did not reflect this improvement. Observations were made of a high number of 
cool-season grass species present in the pastures (39-78% of the total species composition). 
Due to an invasion of cool-season grass into the warm-season grass pastures, pasture 
communities and qualities were not consistent over years. Despite encroachment of cool-
season grass (smooth bromegrass, Bromus inermis) into the warm-season grass pastures, 
warm-season grass pasture communities can be improved with legumes with proper 
management. With a persistent invasion of cool-season grass species providing forage, 
future research should include combinations and management of cool-season and warm-
season grasses and legumes. 
Spatial patterns of specific legume species were identified across landscape positions. 
Western Iowa pastures exhibit a number of significant relationships between specific legume 
species and soil and landscape position. Relationships along landscape positions indicated 
grass growth concentrated on summit positions and legume growth on sideslope positions 
xvii 
would aid in site-specific pasture management techniques. Thereby, site-specific 
management for particular species across landscape positions can reasonably be expected to 
reduce the seed, labor and fertilizer costs associated with establishing legumes in 
topographically variable environments. 
Observations made of warm-season grass pastures showed that invasive cool-season 
grasses made up a high percentage of species composition across all pastures. A greenhouse 
competition experiment examined the competitive ability of smooth bromegrass compared to 
big bluestem and switchgrass under different temperatures and at increasing planting 
densities. It was found that smooth bromegrass has a strong ability to compete with warm-
season grass species. Smooth bromegrass was less affected by increased plant densities, 
temperature, and clipping treatments than the warm-season grasses. Density of the associate 
species (smooth bromegrass) and temperature affected production of both switchgrass and 
big bluestem. Smooth bromegrass can provide forage during the cool months, but it is 
essential to maintain control over populations to allow for warm-season grass production 
during the summer months. Combination pastures of warm- and cool-season species can be 
beneficial and productive throughout the grazing season only if management techniques must 
include controlled growth of all forage species. If producers are to make use of the 
complementary growing seasons of cool- and warm-season species then more research is 
required on how to control smooth bromegrass invasion. 
xviii 
The overall objective of this research was to improve the productivity of warm-season 
grass pastures for cattle production by interseeding a complex mixture of adapted legumes. 
Specific objectives are to: 1) evaluate the impact of legumes on the productivity and 
nutritional quality of warm-season pastures grazed by growing cattle during summer, 2) 
determine the site-specific adaptation of several legume species within landscape positions 
encompassed by the study, and 3) to better understand competitive interactions between 
warm-season and cool-season grasses as affected by temperature, density, and clipping 
treatments. 
1 
CHAPTER 1. GENERAL INTRODUCTION 
Introduction 
"We abuse land because we regard it as a 
commodity belonging to us. When we see land as a 
community to which we belong, we may begin to use it 
with love and respect. There is no other way for land to 
survive the impact of mechanized man, nor for us to reap 
from it the esthetic harvest it is capable, under science, of 
contributing to culture. That land is a community is a basic 
concept of ecology, but that land is to be loved and 
respected is an extension of ethics. That land yields a 
cultural harvest is a fact long known, but latterly often 
forgotten." 
(Leopold, 1949) 
The words of Aldo Leopold encourage us to improve the land through long-term 
environmental stewardship and sustainability while providing for economic and production 
needs for the present. This research embraces Leopold's philosophies by investigating the 
use of native warm-season grasses to improve the seasonal distribution of forage for 
livestock production. 
Agricultural systems in Iowa are dominated by intensive row crop production. The 
monoculture row crop systems often consist of rigorous tillage, and fertilizer and pesticide 
applications, which limit long-term sustainability. Inputs, such as time, labor, machinery, 
fertilizers, pesticides, and seed, for monoculture cropping systems can be costly. If the inputs 
to produce plant-derived calories come from grain in a row crop system including tillage and 
herbicide applications defining this production system as sustainable would be disputable. 
Because much of the grain produced is ultimately fed to livestock for meat production, the 
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use of grazing livestock for sustainable systems is becoming more important for capturing 
solar energy to be consumed by humans in the form of meat (Briske and Heitschmidt, 1993; 
Caneff, 1993). Grazing systems allow livestock to consume plant matter and convert this for 
human consumption, which eliminates the input cost of transporting grain for livestock feed. 
In addition, grazing systems are more suitable than intensive row crop systems on marginally 
productive land with high erosive potential. Managed grazing systems have potential to 
maintain a sustainable system with less input cost by reducing or eliminating needs for 
intensive tillage, fertilizers, and pesticides. A sustainable livestock production system must 
include high qualities and quantities of feed necessary for animal maintenance and gain over 
time. 
Forage production is an important part of sustainable livestock production and 
grazing. Uneven seasonal forage distribution is a major challenge for livestock producers. In 
Iowa, pastures consist mainly of cool-season grasses. Most of these grasses were introduced 
into pasture systems. Records show that smooth bromegrass was introduced into the United 
States from Europe in the late 1800s (Newell, 1973; Vogel et al., 1996). Many cool-season 
grasses are still used in forage production because of qualities identified by farmers long ago. 
Studies state that perennial ryegrass was managed for forage production as early at the 17th 
century (Moser and Hoveland, 1996). Some desirable qualities that cool-season grasses 
exhibit include tolerance to grazing and adaptation to environment. These qualities along 
with the ability to support livestock maintenance and production explain why these grasses 
are still used in forage production today. Perennial cool-season grasses possess growth 
characteristics that are favorable for grazing (Buxton and Fales, 1994; Nelson and Moser, 
1994). Locations of meristems in these grasses are close to the ground, which allows cattle 
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to graze them closely without significant damage to the plant. Rhizomes in species serve to 
store food and water to allow survival of the grasses during times of drought and allow 
regrowth after grazing. Vegetative growth of cool-season grasses provides high quality 
forage for livestock production. Cool-season grasses generally are high in forage quality and 
grazing tolerant, but are low in productivity from June to August. Dormancy of these grasses 
during the hot summer months does not capture the greatest amount of solar energy received, 
which is most available during June, July and August (Nelson and Moser, 1994). 
By establishing warm-season grasses in pastures, the overall efficiency of the system 
of forage growth is improved for livestock production. Warm-season grasses have been used 
to fill the need for forage during the hot summer months. Warm-season grasses are 
productive during the maximum available solar radiation and possess the quality necessary to 
support livestock production (Buxton and Fales, 1994; Nelson and Moser, 1994). Warm-
season grasses can be used in summer to complement cool-season pastures grazed in the 
spring and fall. Native warm-season grasses have been given the test of time for adaptation 
to the environmental conditions and can provide wildlife habitat as an added benefit. The 
natural vegetation of Iowa, prior to European settlement, was tall grass prairie (Weaver, 
1954). Plants found in prairies were able to adapt to changes in their environment, which 
allowed them to be self-sustaining for many thousands of years. One possible reason for this 
ability to adapt is that plant communities are full of diversity with some dominant C4 grasses, 
such as big bluestem and switchgrass. Up to 80% of the composition of tall grass prairies 
consisted of big bluestem (George et al., 2000). Warm-season grasses are relatively more 
efficient than cool-season species at capturing solar energy and consequently at producing 
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biomass during the summer months. Therefore, using native warm-season grasses in Iowa 
pastures is a wise ecological choice. 
However, warm-season grasses have relatively lower quality and grazing tolerance 
compared to cool-season grasses. Native warm-season grasses are less tolerant to grazing 
than cool-season grasses. Meri stems of these grasses are elevated, which does not allow for 
close grazing. In addition, warm-season grasses are generally lower in digestibility and 
crude protein than cool-season grasses but higher in fiber. Growing adapted legumes in 
mixtures with cool-season and warm-season grasses improves the quality of forage available 
to grazing animals. Digestibility and crude protein quality factors are higher in legumes 
relative to grasses. Legume mixtures in grass pastures improve forage quality, but legumes 
also improve overall pasture productivity by fixing nitrogen (N). Addition of legumes 
provides a source of nitrogen for grass growth while reducing the need for nitrogen fertilizer 
applications, ultimately reducing the potential for leaching of these fertilizers. 
Grazing systems are complex and dynamic. In pastures consisting of various species 
and growth habits, plant growth and survival is dependent on several factors. It is dependent 
on factors of the surrounding environment, such as temperature, nutrients, water, light, and 
space. Research showed that legume species have adapted to growth in different locations in 
the canopy and in the landscape (Harmoney, 1999; Harmoney et al., 2001; Sanderson and 
El winger, 2002). Plant species are able to grow in various locations in the canopy and fill an 
available niche, such as growth of white clover close to the ground under the canopy of taller 
grasses. Species also grow in various locations in the landscape, as suggested by research of 
Harmoney (1999; 2001) where legume persistence was found to be dependent on landscape 
position. In this way, legumes have adjusted to inter- and intra-specific plant competition by 
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filling a niche in a complex pasture system. The complex interactions between and among 
species are important considerations when studying plant mixtures. 
The overall objective of this research was to improve pasture productivity for 
livestock production by establishing a complex mixture of legumes in a mixed cool-
season/warm-season grass pasture. A mixture of several legumes was interseeded into 
existing switchgrass/smooth bromegrass and big bluestem/smooth bromegrass pastures 
located at the Iowa State Western Research Farm near Castana. Data were collected and 
analyzed spatially to determine the relationships among soil properties, landscape position, 
and legume recruitment and persistence. The results from this research demonstrated the 
dynamics of grass/legume pastures across landscape positions and under grazing treatment. 
Observations of grass competition in the field study were replicated in a greenhouse study to 
further the understanding of the complex pasture dynamics. The outcome of this research 
verified potential to develop site-specific recommendations for the establishment and 
management of productive summer pastures in Western Iowa. Establishment of mixed grass 
pastures with legumes improves the quality and seasonal distribution of forage available for 
sustainable livestock production. Pasture systems described in this research pattern the 
definition of sustainability described by Leopold. 
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Objectives 
The overall objective of this research was to improve the productivity of mixed grass 
pastures for cattle production by interseeding a complex mixture of adapted legumes. 
Specific objectives are: 
1) To evaluate the impact of legumes on the productivity and nutritional quality of 
mixed grass (cool-season and warm-season) pastures grazed by growing cattle during 
summer 
2) To determine the site-specific adaptation of several legume species within 
landscape positions encompassed by the study 
3) To better understand competitive interactions between warm-season and cool-
season grasses as affected by temperature, density, and clipping treatments 
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Dissertation Organization 
This dissertation is organized in four chapters. The first chapter includes a general 
introduction and a literature review. The second chapter reports results from a grazing study 
comparing the productivity of switchgrass and big biuestem pastures improved with a variety 
of legumes; this chapter also includes an assessment of spatial variation of species 
composition across various landscape positions. The third chapter is a report on the 
competitive effects of a cool-season grass on two warm-season grasses. The fourth chapter is 
a general conclusion for the dissertation. 
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Literature Review 
Pasture management 
Cool-season grasses 
Pasture management systems are designed to match forage supply with demands for 
grazing livestock. In the Midwest, cool-season grasses dominate pasture mixtures. There are 
many reasons that these grasses, most of which were introduced grasses, are a common 
feature in pasture composition. In order to understand the reasons behind continued use of 
cool-season grass growth in pasture systems, it is imperative to consider conditions and 
factors involved in availability of quality cool-season grasses. 
First, the grass must adapt and persist in a variety of conditions. Evidence shows that 
cool-season grass species have been used as forage as early as the 17th century (Moser and 
Hoveland, 1996). Considering that producers are still using many of these species in forage 
systems, it is obvious that adaptation to conditions and persistence was attained. Adaptation 
to a variety of conditions in many regions of the world allows for successful existence of 
common cool-season grasses. Many cool-season grasses can be found in pastures in most all 
of the temperate regions of the world. Cool-season grasses are called such because most of 
the vegetative growth occurs during months with cooler temperatures, spring and fall months. 
Optimum temperature for most cool-season grasses is between 18 and 25°C, and growth is 
slowed or plants become relatively dormant below 0-7°C and above 35°C (Nelson and 
Moser, 1994; Vogel et al., 1996). The range of temperature that cool-season grasses are able 
to survive in adds to their success. Smooth bromegrass and reed canarygrass have been cited 
as some of the most drought tolerant and the most winter hardy cool-season grasses (Carlson 
et al., 1996; Vogel et al., 1996). Smooth bromegrass was one of few grasses that was found 
to survive extreme drought conditions in the 1930's (Vogel et al., 1996). This data supports 
the persistence of introduced perennial cool-season grasses. 
Next, the plants must exhibit factors that are beneficial for livestock production. 
Perennial cool-season grasses possess growth characteristics that are favorable for grazing 
(Buxton and Fales, 1994; Nelson and Moser, 1994). Morphological characteristics also 
demonstrate reasons for cool-season grass forage usage. These grasses have adapted to 
climate and grazing. Locations of meristems in these grasses are close to the ground, which 
allows cattle to graze them closely without significant damage to the plant. Rhizomes in 
species serve to store food and water to allow survival of the grasses during times of drought 
and allow regrowth after grazing. In order to allow for plant survival and regrowth, pasture 
management must include a time of rest period when grazing pressure is absent. In 
temperate conditions, cool-season grass growth is mostly vegetative; when grazed pastures 
are managed to minimize reproductive stages, cool-season grasses produce vegetative tillers 
and high quality leafy growth. As the leaf matter is removed by grazing animals, tiller 
growth is induced by opening the canopy to allow sunlight to reach developing tillers 
(Nelson and Moser, 1994). 
Cool-season grasses, ordinarily, are higher in forage quality than warm-season 
grasses. In general, cool-season grasses possess a higher leaf/stem ratio than warm-season 
grass (Nelson and Moser, 1994). Leaves and immature stems are higher in forage quality 
than mature stems as found in the reproductive stage (Akin, 1989; Buxton et al., 1996). 
Pastures managed to maintain young and leafy tissue provide livestock with more digestible 
energy and crude protein and a lesser concentration of lignin and fiber (Buxton and Fales, 
1994; Nelson and Moser, 1994; Redfearn et al., 2002; Reid et al., 1988). Due to abundance 
of mesophyll cells, tissues are mostly or completely digested in cool-season grass and often 
slowly and partially digested in many of the warm-season grasses (Buxton et al., 1996). 
High quality digestible leaf tissue of cool-season grass explains yet another step in using 
these grasses in today's pasture systems. 
All of the qualities of perennial cool-season grasses are important to understand. 
However, producers are often most focused on the harvest result of yield or cattle gain. In 
temperate regions, cool-season grass dry matter production has been found to range from 15 
to 25 t ha"1 (Moser and Hoveland, 1996). Cool-season grass alone showed average daily gain 
in steers ranging from 0.44 to 0.76 kg, average daily gain in mixture with legumes was even 
higher with an average gain of 0.65 kg (Burns and Bagley, 1996). Persistent grass growth in 
a variety of environmental and grazing conditions and quality forage resulting in desired 
yield and gain indicate cool-season grasses as valuable forage. 
Cool-season grass productivity includes factors, such as yield, quality, and grazing 
tolerance. Overall, cool-season grasses are high in forage quality and tolerant to grazing. 
Although cool-season grasses are relatively productive and sufficient for livestock production 
in spring months, most cool-season species become dormant and less productive during 
summer months due to higher temperatures and less precipitation (Buxton and Fales, 1994; 
Nelson and Moser, 1994). Management practices, such as haying and stockpiling, are often 
used to provide forage during summer and winter months. These methods provide forage for 
livestock when cool-season grasses are dormant or unavailable. Although these methods 
provide forage during times of little or no growth in the pastures, when forage is not grazed 
as in stockpiling the quality of the grass is greatly reduced. Research has shown that 
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available energy can change up to 30% during developmental changes from vegetative to 
reproductive (Nelson and Moser, 1994). In addition, stockpiling and haying do not harvest 
the largest amount of available light energy. Dormancy of cool-season grasses during the hot 
summer months does not capture the greatest amount of solar energy received, which is most 
available during June, July and August (Nelson and Moser, 1994). Since most 
photosynthetic radiation is available to plants during the summer when cool-season grasses 
are less productive, producers need a pasture system that fits into the seasonal distribution of 
temperature and light. Research shows that seasonal distribution of mixed cool-season and 
warm-season grass pastures can be productive and beneficial systems for beef cattle 
production (Jung et al., 1978; Jung et al., 1985). Utilizing species that are able to continue to 
produce quality forage during the hot, dry summer months may improve livestock 
production. 
Warm-season grasses 
Warm-season, or C4, species are able to fill this niche and utilize available resources 
during summer. Warm-season grasses, such as big biuestem (Andropogon gerardii) and 
switchgrass (Panicum virgatum), are native species to the Mid-western prairie biome. Most 
of the native prairie has been converted into cropland or pasture since European settlers 
moved into Iowa. Less than 0.1% of the estimated original 29-31 million acres (about 12-13 
million ha) of prairie in Iowa remain (Smith, 1998). Smith (Bouton et al., 1998) suggested 
that some of the best remaining Iowa prairie can be found in the Loess Hills of western Iowa. 
The use of native warm-season grasses in western Iowa pastures could be appropriate 
because of their adaptation to the local environment. Tall C4 species, such as big biuestem 
and switchgrass, are more efficient than C3 species at capturing solar energy during summer 
(Nelson and Moser, 1994). When most cool-season grasses are slowing production in June, 
warm-season grasses increase in production. Warm-season grass production is greatest in 
June, July and August, when cool-seasons are less productive. Optimum temperature for 
warm-season grasses is 35°C, which is the maximum temperature for cool-season growth 
(Nelson and Moser, 1994). Besides the adaptation to summer solar radiation and 
temperatures, many native warm-season grasses also develop deep root systems which enable 
them to reach water not available to shallow rooting species, which is an additional 
advantage in times of drought. 
Studies have shown that livestock production can be sustained on native warm-season 
grass pastures (Anderson, 2000; George et al., 1997; Krueger and Curtis, 1979). Hall et al. 
(1982) found that warm-season grasses, such as switchgrass, big biuestem, and indiangrass, 
produced approximately 6 metric tons ha"1 with N fertilization. Studies in Iowa, Missouri, 
Oklahoma, and South Dakota show animal gain was higher in the summer 'slump' when 
animals were grazing warm-season grasses than with cool-season grasses (Anderson, 2000). 
Warm-season grasses can be used as a source of forage in the summer months with 
modification of stocking rates and rest periods between grazing in conjunction with timing of 
grazing pressure throughout the season. A spring defoliation of switchgrass resulted in 75-
85% of total summer dry matter yield with no reduction of quality (George and Obermann, 
1989). 
There are concerns that exist when using warm-season grasses for livestock 
production. Native warm-season grasses are not as tolerant to intensive grazing as cool-
season grasses. The growing point of native warm-season grasses is much higher on the 
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plant than on most cool-season grasses. Morphology of these grasses makes management of 
grazed pastures extremely important. These grasses should not be grazed below 15-20 cm of 
growth and be allowed to rest for approximately 40 days before the next grazing (Anderson, 
2000). Rest periods between grazing events are extremely important to native warm-season 
grasses. This time allows for regrowth of vegetative tissue and replenishment of stored 
nutrients to rhizomes. Gerrish et al. (1994) reported death of big biuestem plants due to 
poorly managed stocking method and rest period. One Iowa study showed higher average 
daily gain when cattle were grazing switchgrass and smooth bromegrass compared to smooth 
bromegrass alone for lower stocking rates (Wedin et al., 1977). Anderson (2000) discussed 
grazing methods such as grazing when the grass is available and the tissues are palatable and 
relatively immature when using native warm-season grasses. Cattle often avoid mature 
plants due to the increase of stems and fiber concentration of the forage. Removal of plant 
matter, while maintaining carbohydrate reserves and preventing cattle from harvesting plant 
meristems by careful grazing management, improves the quality and encourages growth and 
vigor of warm-season grasses (Anderson and Matches, 1983; Anderson et al., 1989; Cuomo 
et al., 1998; George and Obermann, 1989). Valuable summer forage can be provided for 
cattle by proper timing of grazing and stocking rates to allow for new plant growth and 
nutrient storage for the grass while supplying cattle with quality forage. 
In order to support livestock production on warm-season grass pastures, improved 
forage quality must be maintained. One concern when supplementing a forage system with 
native warm-season grasses is the potential for lower digestibility (Buxton and Fales, 1994) 
and crude protein (Redfearn and Jenkins, 2000) than cool-season species. Warm-season 
grasses also have a greater concentration of fiber than cool-season grasses (Moore and 
Hatfield, 1994; Moore and Buxton, 2000). As plant tissue matures, the concentration of fiber 
and lignification increases while the digestibility decreases. Furthermore, the amount of fiber 
in warm-season grasses increases with maturity as plants shift to a lower leaf/stem ratio. 
Although improvements are being made with quality of warm-season grasses through 
selection, breeding and biotechnology (Vogel, 2000), an alternative for improving forage 
quality of warm-season grass pastures is to enhance grass pastures with legumes. 
Legumes 
Warm-season grass pastures in combination with legumes can improve forage 
quality, and at the same time, reduce the need for nitrogen fertilizer (Rosier et al., 1993; 
Sleugh et al., 2000; Springer et al., 2001). A limitation to pasture production is the 
availability of N necessary for plant growth. Producers are often encouraged to apply N to 
pastures as a management technique to improve pasture production. One advantage to using 
legumes in a pasture mixture is the fixation of nitrogen, which reduces the need for 
application of N fertilizers. Atmospheric N2 is fixed by legumes through a symbiotic 
relationship with rhizobium bacteria located in nodules on the roots (Heichel, 1985). The 
bacteria in the nodules provide the legume with N while the legumes provide the bacteria 
with photosynthetic assimilate. This relationship allows the legume to acquire necessary N 
without fertilizer application (Heichel, 1985). Heichel and Henjum (1991) and West and 
Wedin (1985) identified a positive correlation with N fixed with the amount of legume dry 
matter in a sward. The study found N fixation provided an average 93% of N in legumes. 
Therefore, legumes reduce the necessity for applied N fertilizers. 
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Legumes do not only maintain their growth by the fixation of N; legumes improve N 
availability to neighboring plants, such as grasses. Grass pastures are also improved by the 
addition of legumes through nitrogen-fixation. The decomposition of legume residue 
increases availability of N for surrounding grasses, thereby, increasing potential for grass 
growth. Tissues from legume leaves and roots as well as nodules decompose. As the tissues 
decompose, N is released and made available for nearby grasses. Transfer of legume N has 
been found to account for 6-79% of N uptake in grasses (Brophy et al., 1987; Heichel and 
Henjum, 1991; Walley et al., 1996). The amount of N transfer was larger after the first year 
of legume establishment (Heichel and Henjum, 1991). Gil and Pick (2001) found that 
including alfalfa (Medicago sativa L.) and red clover (Trifolium pratense L.) in eastern 
gamagrass (Tripsacum dactyloides (L.) L.) pastures increased mineralized soil N mineralized 
soil N (15-62 kg N/ha/yr) compared to eastern gamagrass monoculture (2-15 kg N/ha/yr). 
Seguin et al. (2000) found that kura clover (Trifolium ambiguum) could fix approximately 
150 kg N in a year. Mixtures of smooth bromegrass and kura clover or birdsfoot trefoil 
showed fertilizer N replacement values ranging from 74-325 kg N ha"' (Zemenchik et al., 
2001). The amount of legume-derived N identified in grass increased with increase of 
legume composition, and white clover showed higher rates of N transfer than red clover or 
birdsfoot trefoil (Mallarino et al., 1990). Fixation of N by legumes improves growth of 
legumes and surrounding grasses. 
Legume and N additions to cool-season and warm-season grass pastures enhance 
yield and animal gain. In switchgrass pastures, yield was improved and nitrogen fertilizer 
requirement reduced by establishment of legumes in the pastures (George et al., 1995). 
Grass components of grass-legume mixtures produced 0.78-1.49 times as much dry matter as 
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grass in unfertilized grass stands (Barnett and Rosier, 1983). In the first year after seeding, 
red clover contributed half of the total dry matter of orchardgrass (Dactylis glome rata L.) and 
tall fescue (Festuca arundinaceae Schreb) pastures overseeded with red clover (Prigge et al., 
1999). Tall fescue and birdsfoot trefoil mixtures resulted in 5-15% more dry matter than tall 
fescue alone; mixtures also exhibited improved quality compared to grass (Beuselinck et al., 
1992). Dry matter yields for N fertilized and unfertilized plots were 2-5 Mg ha"' for cool-
season grass monocultures and 8.7 Mg ha"1 for grass-alfalfa mixtures (Berdahl et al., 2001). 
In Missouri, pastures of grass and legume mixtures showed better performance and yields in 
summer months than grass pastures fertilized with nitrogen (Gerrish et al., 2000). Cattle 
gains on kura clover-grass and red clover-grass mixtures 628-1151 kg ha"' (Mourino et al., 
2003). Mixed grass-legume pastures were found to be persistent and were able to provide 
satisfactory animal gain (George et al., 1997). Therefore, mixed grass-legume pastures 
reduce the need for N fertilizer and improve the sustainability of forage production systems. 
Legumes correspond well with seasonal distribution of cool- and warm-season 
grasses because they are productive in the summer when cool-season grasses become 
dormant. Optimal temperature and photosynthetic potential of legumes, such as alfalfa, are 
in between those of cool- and warm-season grasses (Nelson and Moser, 1994). Rountree et 
al. (1974) suggested a combination of species, cool-season and warm-season grass and 
legume, in several pasture designs to provide livestock with forage and compensate for 
seasonal distribution. Sleugh et al. (2000) found that legumes improved seasonal 
distribution, yield, and quality in legume-grass mixtures when compared to grass 
monocultures. 
Legumes improve forage quality of pastures and animal gain through relatively high 
yield, animal intake, and high crude protein (Marten et al., 1988; Van Keuren and Hoveland, 
1985; Van Soest, 1982). When compared to grasses, legumes possess greater digestibility 
and greater crude protein concentration (Nelson and Moser, 1994; Van Soest, 1982). 
Legumes increased crude protein in warm-season grass-legume mixtures compared to grass 
alone (Rosier et al., 1993). Kura clover-grass and birdsfoot trefoil-grass mixtures resulted in 
lower neutral and acid detergent fiber and higher crude protein when compared to cool-
season grass monocultures (Zemenchik et al., 2002). Differences between grass and legume 
quality are also affected by plant development. As plants mature, legumes have lower lignin 
concentration and a higher leaf/stem ratio than grasses (Buxton and Fales, 1994). Maturing 
grasses become mostly stems and reproductive structures, which are higher in cell wall 
concentration than that of maturing legumes. By adding legumes to grass pastures, legumes 
improve overall quality of a pasture. 
Interactions of plants 
Environmental factors 
Complexity increases as species are added to an animal-plant-soil ecosystem. 
Interactions between plants and their abiotic environment (soil and climate) influence biotic 
interactions between individuals of the same and different species. In response to increased 
carbon dioxide concentrations, C3 grasses showed a competitive advantage when compared 
to C4 grasses (Campbell and Hunt, 2001; Pearcy and Ehleringer, 1984). Reich et al. (2001) 
stated that growth response to carbon dioxide and available soil N was greater for C3 grasses 
than C4 grasses with considerable variation among particular plant species. In addition, plant 
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responses to environmental factors are affected by neighboring plant populations. More 
resources (available light, soil moisture, and N) were recorded in plots with no competition 
from neighbors when compared to those plots with competing species (Peltzer and Kochy, 
2001). Plant growth and survival is dependent on acquiring adequate nutrients, water, light, 
and physical space. 
Optimum temperatures for C3 and C4 species, as described earlier, affect the amount 
of growth, seasonal distribution, and interaction of the plants. Temperature changes over the 
year give rise to seasonal distribution of species commonly found in pastures. When 
temperatures are lower, germination and growth are complimentary for cool-season growth. 
In warmer temperatures, warm-season species are favored. Boryslawski and Bentley (1985) 
showed that C3 and C4 species accumulated greater biomass over time when grown at day 
temperatures of 20°C and 30°C, respectively. 
Germination and invasiveness of a species is dependent on temperature (White et al., 
2001; White et al., 2000). Differences in species adaptation to temperature allow invasive 
species to exist and compete in mixed pastures. For instance, warm-season species were 
found to be more dependent on warm temperatures for initiation of germination than cool-
season species (White et al., 2001). Pasture composition and dynamics were influenced by 
plant sensitivity to warm temperatures in a mixed sward (Carlassare and Karsten, 2003). 
Carlassare and Karsten (2003) found a negative relationship between Kentucky bluegrass 
(Poa pratensis L.) production and a warm, dry environment where quackgrass (Elytrigia 
repens L.) was less affected. Some introduced cool-season species are able to germinate, 
grow and succeed in a wider range of temperatures than warm-season grasses, which makes 
these cool-season species competitive and, as sometimes described, invasive. 
Species composition and potential competitiveness is also influenced by available soil 
nutrients and moisture. Fluctuations in species populations depend on N levels (Schwinning 
and Parsons, 1996a; Schwinning and Parsons, 1996b). For example, legumes are able to 
compete with grasses and dominate pastures in soils with low N fertility, but the reverse is 
true with high N fertility (Schwinning and Parsons, 1996a). A diversity study showed 29% 
more species under higher N rates (Singer, 2002). Campbell et al. (1991) suggested that 
competition for resources is essential for plant survival in soils of high fertility. However, 
effects of soils and nutrient relations in pastures systems are dependent on the species 
present. 
Although some instances showed that neighboring plants, such as legumes, benefit 
surrounding grass species, negative aspects of those nearby plants are dependent on planting 
density and competition for available resources. Diversity of species present was negatively 
affected by competition for light, water and nutrients in the soil (Rajaniemi, 2002). Plant 
growth in relation to competition was affected more negatively by neighbors of a different 
species and decreased plant spacing than under higher fertility levels (Gurevitch et al., 1990). 
This suggests that although environment is involved in pasture systems, there are some 
underlying patterns and dynamics occurring. 
Increased planting density and growth habit of pasture species affects the amount of 
light allowed to infiltrate the canopy and, therefore, affects plant production. Sanderson and 
Elwinger (2002) suggested that management of grass-legume pastures include choosing 
cultivars that are adapted to environmental conditions and that an appropriate grass height 
must be maintained to allow clovers to compete for light. Tilman (1993) concluded that 
species richness was influenced more by lower light penetration due to high plant litter than 
by nearby living plants. However, another study found that above-ground biomass (less light 
infiltration) negatively impacted species richness more than litter (Xiong and Nilsson, 1999). 
When nearby vegetation was tall, white clover abundance was reduced (Warren, 2000). Dyer 
et al. (2000) suggested that seeds may be able to 'sense' competition in their surroundings, 
which can affect patterns of emergence and establishment of a species (Kleijn, 2003). 
Belesky et al. (2002) reported that surrounding plants and their canopy affects 
available light, but that light and canopy effects were minimal in describing species 
composition. This study by Belesky et al. (2002) found that more than 70% of the variation 
in species composition are related to site and slope. Spatial patterns of vegetation were 
related to the depth of soil above the clay layer (Fowler and Antonovics, 1981). Legume 
establishment, persistence and dry matter production was significantly influenced by 
landscape position (Guretzky et al., 2004; Guretzky et al., 2005; Harmoney et al., 2001). 
Many aspects in the environment are involved in these spatial patterns of species across 
ecosystems. These aspects include temperature, moisture, soil, light, and space. 
Plant communities and their distribution are influenced, possibly controlled, by 
competitive interactions with surrounding plants (Peltzer and Kochy, 2001). An increase in 
competitiveness between plant species was identified in increasing plant spacing and nearby 
plants of another species (Gurevitch et al., 1990). Population density of focal and associate, 
or competing, species affects the establishment, production and survival of the focal species 
(Austin et al., 1988; Bullock et al., 1994; Weiner, 1980). Increasing densities of zorro fescue 
(Vulpia myuros) had a negative affect on performance of perennial grasses (Brown and Rice, 
2000). Presence of neighboring plant species affects species competition for resources, 
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including space. Pastures are complex ecological units; relationships and dynamics between 
species and their surrounding environment must be more completely understood. 
Spatial and site-specific patterns of species 
Geographic information systems can be used to characterize site-specific spatial 
characteristics in the environment and assist farmers in farm management decisions. 
Farming impacts and sustainability of the environment can be evaluated and predicted using 
a GIS (Stockle, 1996). Site-specific farm planning has great potential for improving crop 
production and grazing management at the farm-scale. Spatial variation maps of yield using 
yield monitors (Doerge, 1999) and nutrient deficiencies using spectral radiance (Taylor et al., 
1998) can be developed relatively quickly and easily along with GIS. Brock (1997) used GIS 
to analyze grazing patterns for stocking density on tallgrass prairie in Kansas. Vorhauer and 
Hamlett (1996) suggested using GIS to design grazing management strategies based on 
forage and water availability. 
Variability is apparent at very small scales (less than 1.5 m) (Taylor et al., 1998; 
Teutsch et al., 1998). Schwinning and Parsons (1996a) suggested that it is important to look 
at plant interactions and variability at multiple scales, patch-scale, between patch-scale, and 
field-scale. Arnold and Wilding (1991) suggested that detailed site-specific information can 
be used to assess and manage resources and risks associated with soils and their variability. 
Spatial analysis of forage yield and quality reduced variations within fields and facilitated 
whole-farm management (Smith et al., 1991). Satellite imagery along with a pasture model, 
GRAZPLAN, has been used to identify spatial variation in pasture condition (Hill et al., 
1999). Imagery and GIS have also been used to predict species richness across landscapes 
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(Luoto et al., 2002). These quick and non-invasive methods of analysis provide useful 
information about current species and resource variability and provide information for 
predictive models. 
Differences in growth characteristics and needs of warm- and cool-season grasses and 
legumes influence pasture temporal and spatial distribution. Tall-growing grass species and 
shorter underlying legume species fill different niches in a pasture system. This coexistence 
of species is logical and makes the pasture system more efficient at utilizing available light 
and resources (Anten and Hirose, 1999; Fowler and Antonovics, 1981). Legume clumps may 
indicate positive pasture dynamics because the legumes grow in areas where they have less 
competition or suppression from surrounding plants (Schwinning and Parsons, 1996a). An 
eleven-year study showed that diverse communities were able to adapt to environmental 
conditions without a loss in productivity (Inouye and Tilman, 1995). However, it is 
important to identify species that interact well or have good, "combining ability" (Springer et 
al., 2001), for productive pasture systems. Interactions must be studied at many scales 
(Fowler and Antonovics, 1981; Freckleton and Watkinson, 2000; Schwinning and Parsons, 
1996a) including variation across time and space. 
Plant competition 
Interactions affecting plant growth and competition occur between and among plant 
species. This level of competition often results in one species surpassing another for 
available resources. Competition was defined by Clements et al. (1929) with the following 
definition. 
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"Competition is a purely physical process. With few 
exceptions, such as the crowding up of tuberous plants 
when grown too close, an actual struggle between 
competing plants never occurs. Competition arises from 
the reaction of one plant upon the physical factors about it 
and the effect of these modified factors upon its 
competitors. When the immediate supply of a single, 
necessary factor falls below the combined demands of the 
plants, competition begins." 
Management of pastures, which often consist of complex mixtures of plant species, requires 
an understanding of competition and requires a decision to maximize productivity of 
principal species in the mixture. Often, because of existing seed banks in the soil and 
invasive species modify pasture composition, results are much different than the original 
desired pasture species (Kemp and King, 2001). Well-adapted introduced cool-season 
species sometimes become weedy species because of opportunistic response to available 
resources (Moser and Hoveland, 1996). Even when circumstances were favorable for 
ryegrass, results from alfalfa/perennial ryegrass mixtures indicated alfalfa as a dominate 
species after one year of growth (Jung et al., 1991). Understanding complexity of plant 
competition and pasture management in order to maintain desired productivity and species is 
an intricate task. 
Pasture management is especially complex when one considers not only competition 
between species but also the co-existence of species. Various growth patterns due to growth 
habit, species morphology, and seasonal distribution allow some species to co-exist with 
proper pasture management. Some co-existence occurs naturally because of plant 
characteristics. Species that exist lower in the canopy appear to capture more light early in 
the season for growth; taller species use their height for efficient light capture later in the 
season. This resourceful capture of available light throughout the season allows for 
coexistence of species (Anten and Hirose, 1999). Co-existence of species, often a simple 
result of opportunity, can be found within the canopy by height differences; it can also be 
found across the pasture. Schwinning and Parsons (1996a) noted that legume patchiness and 
abundance is a result of low N sites with little grass competition allowing for legume 
invasion. In some cases, mixtures are fundamental even with existing competition. 
Although yields of tall fescue and birdsfoot trefoil were reduced by interspecific competition, 
management of harvest frequency showed capability of mixtures for more productivity than 
monocultures (Beuselinck et al., 1992). Awareness of competition between species is a 
considerable component of pasture management. 
An understanding of competitive interactions between warm-season and cool-season 
grasses as affected by temperature, density, and clipping treatments will aid in 
comprehension of the struggle that is occurring in pasture systems, and, ultimately, aid in 
development of management strategies to maximize production in pure or mixed pastures. 
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CHAPTER 2. RELATIONSHIPS AMONG GRASS AND LEGUME SPECIES 
ACROSS LANDSCAPE POSITIONS IN MIXED PASTURES 
Abstract 
Pastures are complex systems including plants, animals, soils, water, other resources 
and the surrounding environment. Although pasture dynamics are difficult to model because 
of the many variables involved, an appreciation of spatial patterns that are formed by 
different plant species can be useful to improve pasture management. Uneven seasonal 
distribution of forage in cool-season pasture productivity makes it sensible to use native 
warm-season grasses to supply forage growth during the summer. The objective of this 
research was to determine if adding legumes to warm-season grass pastures would improve 
the quality and productivity of switchgrass and big bluestem pastures. Established warm-
season grass pastures of both species located in western Iowa were interseeded with a 
complex mixture of legumes to support livestock production in summer. Forage quality 
factors indicated that grass/legume pastures were higher in crude protein (7-10% for grass 
only; 13-15% for grass/legume pastures) and digestibility (51-56% for grass only; 55-62% 
for grass/legume pastures) than grass alone. Cattle gains for all years of the study, however, 
did not reflect these results. Although forage quality indicated that cattle gains should have 
increased across all years for legume treatments, one must also consider that cattle exhibit 
preferences while grazing. Forage selectivity by cattle in this study could explain differences 
between expected and actual animal gains. Differences between gains for grass only and 
grass/legume treatments were significant for 2001 and 2002. Actual gains for cattle in 2001 
were greater for grass only treatments. Observations were made of a large amount of cool-
season grass presence in the pastures (39-78% of the total species composition). Due to an 
invasion of cool-season grass into the warm-season grass pastures, pasture communities and 
qualities were not consistent over years. It was noted that more intensive pasture 
management for these pastures would enhance control of cool-season grass. Despite cool-
season grass invasion into warm-season grass pastures, warm-season grass pasture 
communities can be improved with legumes with proper management. With a persistent 
invasion of cool-season grass species providing forage, future research should include 
combinations and management of cool-season and warm-season grasses and legumes and 
animal preference or selectivity of forage consumed. 
Spatial variation of species composition was studied in relation to soil characteristics 
and landscape position. Previous research indicated that legume populations were associated 
with specific landscape positions. Results for the western Iowa pastures illustrated 
significant relationships between specific legume species and soil and landscape position. 
Relationships along landscape positions indicated grass growth concentrated on summit 
positions and legume growth on sideslope positions would aid in site-specific pasture 
management techniques. Therefore, site-specific management for particular species across 
landscape positions would be possible. 
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Introduction 
Uneven seasonal distribution of forage production from cool-season pastures during 
the grazing season is one of the main factors limiting animal production from pastures in 
Iowa. Most pastures in Iowa consist of cool-season grasses with lesser amounts of legumes. 
Cool-season grasses have proven very productive for livestock production in the cooler 
months. During the summer months, cool-season grass production is reduced when the 
grasses become dormant with increasing temperatures and decreasing precipitation (Buxton 
and Pales, 1994; Nelson and Moser, 1994). Cool-season grass production is low during the 
summer, which is also the highest level of available solar radiation. Warm-season, or C4, 
grasses are relatively more efficient at capturing this energy for biomass production (Nelson 
and Moser, 1994). 
Strategies for managing around this so-called "summer slump" include feeding hay or 
grain; vegetation manipulation such as burning, clipping, and grazing management (Belesky 
et al., 2002; Carlassare and Karsten, 2002; Howe, 2000; Mitchell et al., 1994); stockpiling 
forage; or modifying pastures to include species that are productive during the hot summer 
months. Feeding hay for livestock production is relatively expensive compared to grazing. 
Burning and clipping are often not feasible due to weather, surrounding areas, or available 
time of the producer. The dominant cool-season grass species found in many Iowa pastures 
is smooth bromegrass, which has been stated as a lower yielding forage when stockpiled 
compared to six other cool-season grasses (Riesterer et al., 2000). Warm-season grasses 
could be used in summer pastures to complement cool-season pastures grazed in the spring 
and fall. Studies have confirmed that switchgrass and big bluestem pastures could sustain 
livestock production during times when cool-season grasses were relatively unproductive 
(George et al., 1997; Krueger and Curtis, 1979). 
However, warm-season grasses have relatively lower quality compared to cool-season 
grasses. In order to improve forage quality of warm-season grass pastures and reduce 
nitrogen fertilizer needs, legumes have been added to grass pastures (Rosier et al., 1993; 
Sleugh et al., 2000; Springer et al., 2001). Previous studies have determined that renovation 
of warm-season grass pastures by either interseeding or frost seeding with legumes was 
possible (Blanche! et al., 1995; George et al., 1995; Gettle et al., 1996a; Gettle et al., 1996b). 
Interseeding legumes in pastures reduces nitrogen fertilizer requirements (George et al., 
2000). Legumes are able to fix nitrogen through a symbiotic relationship with rhizobium 
bacteria located in nodules on the roots (Heichel, 1984). The nitrogen fixed by legumes 
becomes available for neighboring grasses and can improve grass production. Consequently, 
interseeding a complex mixture of adapted legumes should improve the productivity of 
warm-season grass pastures for cattle production. The objective of this experiment was to 
evaluate the impact of legumes on the productivity and quality of warm-season pastures 
grazed by growing cattle during summer. 
Relationships among plant species have been investigated for many years. For 
example, nitrogen-fixing legumes in a grass pasture provide a nitrogen source for grass 
growth. The coexistence of grass and legume species is often studied for the beneficial 
relationship of the nitrogen-fixing legumes to the grass species. The atmospheric nitrogen 
fixed by the rhizobium/legume association provides nitrogen for legume growth and makes 
available soil nitrogen for surrounding plant growth. The grass growth that results then leads 
to a competition with the legumes for light, water, and space. Populations of grass and 
legume species shift in relation to the amount of N; in other words, legumes are able to 
dominate pastures with low N fertility because they are able to compete with the grasses 
(Schwinning and Parsons, 1996a; Schwinning and Parsons, 1996b). 
Although this coexistence is important to the sustainability of a pasture, it is 
important to understand the competitive interactions in order to maintain pastures. Many 
features must be considered when studying spatial variability of plant species composition of 
pastures. One feature to be considered in spatial variation of species is the interaction 
between species. Springer et al. (2001) showed that it is essential to understand the 
interactions or "combining ability" of species mixes of native warm-season grasses and 
legumes for the mixes to be persistent and productive. Another feature is that spatial 
variation of plant populations is dependent on the scale at which the population is being 
studied. Variations in species composition differ at small (patch) and large (field) scales 
within fields (Fowler and Antonovics, 1981; Schwinning and Parsons, 1996a). This indicates 
that site and environment are important factors to consider in spatial variation studies. 
Biomass and plant composition were influenced by site (Belesky et al., 2002). Spatial 
patterns of species in grass-legume pastures have also been related to landscape position. 
Harmoney et al. (2001) and Guretzky et al. (2004) found that legume population and 
diversity was affected by landscape position. Once sites of variability are identified, 
management and resources can be focused on areas that are more productive. By 
determining the site-specific adaptation of several legume species across landscape positions, 
it should be possible to optimize resources for pasture management resources. 
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Methods 
Pasture characterization 
Fifteen legume genotypes were interseeded into existing switchgrass (Panicum 
virgatum L., cv. Cave-in-Rock) and big bluestem (Andropogon gerardii Vitman, cv. 
Roundtree) pastures (Figure 1) located at the Iowa State Western Research Farm near 
Castana, Iowa on 20 August 1998. The site consists of eight, 0.8-ha pastures (four 
switchgrass and four big bluestem) situated on Monona-Ida soils with 14-22% slope. The 
warm-season grass pastures were used previously in a Leopold Center for Sustainable 
Agriculture sponsored research project evaluating rotational and continuous grazing systems 
(George et al., 1997). 
Figure 1. Pasture treatments of legume mixtures to switchgrass and big bluestem pastures. 
Pasture treatment 
Big bluestem 
| | Big bluestem + Legume 
H Switchgrass + Legume 
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The experimental design was a split plot (Anderson and McLean, 1974) with half of 
each pasture being interseeded with legumes and the other half left in grass. Grass pastures 
received 40 lb actual N/acre (45 kg N/ha) each spring to simulate the nitrogen provided by 
legumes in grass-legume paddocks. The mixture of legumes consisted of twelve species of 
legumes with varying life cycles (annual, biennial, and perennial) and growth habits 
(decumbent, erect, and plastic) (Table 1). 
Table 1. Names of legumes interseeded into warm-season pastures. 
Common name Binomial Life cycle Cultivar 
alfalfa Medicago sativa L. perennial Alfagraze 
alfalfa Medicago sativa L. perennial Travois 
berseem clover Trifolium alexandrium L. annual Big Bee 
birdsfoot trefoil Lotus corniculatus L. perennial Norcen 
Cicer milkvetch Astragalus cicer L. perennial Windsor 
crimson clover Trifolium incamatum L. annual variety not stated 
crownvetch Coronilla varia L. perennial Emerald 
hairy vetch Vicia villosa Roth annual variety not stated 
Kura clover Trifolium ambigum Bieb perennial Rhizo 
red clover Trifolium pratense L. perennial Mammoth 
red clover Trifolium pratense L. perennial Redland III 
sweetclover Melilotus officinalis (L.) Pall biennial Madrid 
sweetclover Melilotus alba Medic biennial variety not stated 
white clover Trifolium repens L. perennial Ladino 
white clover Trifolium repens L. perennial White Dutch 
Legumes were planted with a no-till drill into the grass sod in rows spaced 20-cm 
apart at a depth of approximately 0.7 cm. The seeding rate was 785 seed/m2, or about 42 
seed/m2 of each legume. Suitable stands of legumes were achieved in all seeded paddocks 
based on observations and preliminary species composition data. Pastures were grazed in 
1999, but grazing was deferred until June of 1999 to allow natural reseeding of annual 
legumes. This adjustment to the grazing schedule was to establish a viable seedbank, which 
may provide a more balanced population of legumes with varying characteristics for a longer 
period. 
Starting June 1999, pastures were strip-grazed by growing beef cattle (Bos taurus). 
Animals were placed on the pastures mid-June and removed mid-August in 1999, 2000, 
2001, and 2002. Animals used in this study were selected for genetic similarity. Four 
animals were allowed to graze one strip of a treatment for a two week period. At this time, 
cattle were weighed and placed into the remaining strip of the treatment and allowed to graze 
for two weeks, weighed and returned to the previous strip. Cattle were only allowed into the 
assigned treatment. Any animals that were observed to enter paddocks that were not 
designated treatments were removed from the study. Cattle weights were determined before 
and after each grazing season, and at four-week intervals during the season. 
Pasture samples were collected at two week intervals during grazing to determine the 
quantity and quality of available forage. Pure samples of cool- and warm-season grasses 
were collected from each pasture, and a legume sample was collected from each of the 
legume pastures. Six quadrat samples per pasture, measuring 0.2 m2, were hand-clipped at 
ground level. At each location, readings for plant biomass/area were recorded using a rising 
plate meter. Average rising plate meter readings were recorded for 100 random points within 
each pasture to estimate forage biomass using a calibration equation. The readings were 
converted to plant biomass yield on a pasture basis derived from calibration quadrats for 
which the vegetation was clipped, dried, and weighed (linear regressions of collected yield 
versus yield predicted by rising plate meter were r2 = 0.77, 2000; 0.79, 2001; and 0.63, 2002. 
Research has shown that rising plate meters are useful in estimating forage biomass if care is 
taken to avoid areas suspect for errors or biases, such as location of cattle excretions or 
uneven land (Earle and McGowan, 1979; Scrivner et al., 1986). 
Samples were dried at 60°C in a forced air oven for 48 hours and then weighed. 
Samples were ground through a 5-mm screen using a Wiley mill (Arthur H. Thomas 
Company, Philadelphia, PA) and then reground with a UDY cyclone mill (UDY 
Manufacturing, Fort Collins, CO) to pass through a 1-mm screen for use in forage quality 
evaluation. Forage quality of the composite forage samples was determined using near 
infrared reflectance spectroscopy (NIRS). Reflectance of near infrared radiation with 
wavelengths between 1100-2500 nm was collected for all samples using a scanning 
monochromator (NIRS systems, Silver Springs, MD). Calibrations for NIRS analysis were 
developed on a subset of samples selected based on spectral properties (Marten et al., 1989). 
Calibration samples were analyzed on a dry matter basis to determine total nitrogen 
concentration, in vitro dry matter digestibility (IVDMD), (Marten and Barnes, 1980), and 
concentrations of fiber constituents (Vogel et al., 1999). Nitrogen, expressed as crude 
protein or CP, was determined using a LECO CHN-2000 determinator (LECO Corporation, 
St. Joseph, MI) to determine total nitrogen concentration (Iowa State University Soils Testing 
Laboratory, Ames, IA). Neutral detergent fiber (NDF) and acid detergent fiber (ADF) and 
acid detergent lignin (ADL) were determined using an ANKOM 200 Fiber Analyzer system 
(ANKOM Technology, Corp., Fairport, NY), (Vogel et al., 1999). 
Laboratory values for the calibration samples were used to create equations to predict 
forage quality of samples scanned with NIRS (Marten et al., 1989). Equations developed 
from the lab values for the calibration samples were used to predict CP, IVDMD, NDF, 
ADF, and ADL for NIRS scanned samples (Tables A13 and A14). Statistical analysis of the 
data was completed using the general linear model and mixed model procedures in SAS 
(Version 8.0, SAS Institute Inc., Cary, NC, 2002) (Tables A2 and A4-A11). 
Soils were identified (Gertsma, 2001), and a detailed map was created for use in 
spatial analysis (Figure 2). Soils were characterized for soil EC using a Geonics® EM-38 
(Geonics Ltd., Ontario, Canada). An all-terrain vehicle was used to pull a wooden cart (non­
conductor) carrying the EM-38. Electromagnetic soil conductivity was measured using the 
vertical dipole position of the EM-38, which penetrates soil at a depth of approximately 1.5 
m. A transmitter coil at one end of the unit emits current loops into the soil and a receiver 
coil at the other end measures a secondary magnetic field that is produced through electro-
conductive properties in the soil (Corwin and Lesch, 2003). To record the soil EC data and 
simultaneously georeference the data, a global positioning system (GPS) was connected to 
the EM-38. The differentially corrected GPS unit, which has an accuracy of approximately 1 
m, consisted of a Trimble* ProXR receiver and a Trimble* System Controller (TSC) 1 Asset 
Surveyor (Trimble* Navigation Limited, Sunnyvale, CA). Raw soil EC and GPS data was 
converted using Pathfinder software (Trimble* Navigation Limited, Sunnyvale, CA) to 
shapefiles for use in Arc View* and ArcGIS* programs (Version 3.2 and 8.1, respectively, 
Environmental Systems Research Institute, Inc., ESRI, Atlanta, GA). 
A real-time kinematic (RTK) GPS system (Corvallis Microtechnology, Inc., 
Corvallis, Oregon) was also attached to the all-terrain vehicle to collect elevation data. The 
RTK system accuracy was approximately 1 cm. Raw elevation data was converted using 
PC-GPS software (Corvallis Microtechnology, Inc., Corvallis, Oregon) to shapefiles for use 
in ArcView* and ArcGIS* programs (Version 3.2 and 8.1, respectively, Environmental 
Systems Research Institute, Inc., ESRI, Atlanta, GA). Elevation data was converted to raster 
data and then slope was derived using Geostatistical Analyst in ArcGIS*. 
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Figure 2. Detailed soils map of pastures located in western Iowa. 
Species data collection 
Vegetation data included estimation of species composition. The dry-weight rank 
method (Gillen and Smith, 1986) was used to visually estimate species composition. Species 
composition was determined in July and September of 2001 and 2002, during and after 
grazing. One hundred random locations per pasture were selected and georeferenced using a 
differentially corrected Trimble* GPS unit, described earlier. A 1-m2 quadrat was placed at 
each location. The percent species composition was estimated by visually ranking the 
relative dry weight abundance of the three most prominent species within the quadrat. The 
modified-Whitaker method (Figure 3) (Stohlgren et al., 1997) was also used to record species 
data along various landscape positions in the pastures. Summit, sideslope and toeslope 
positions were sampled for each pasture at various scales (0.0625, 0.625, 6.25, and 62.5 m2). 
12.5 m 
0.625 m2 
0.0625 m2 
62.5 m2 
Figure 3. Modified-Whittaker plot design used in species analysis in grass/legume pastures. 
Data analysis 
Maps of vector and raster data were created with Arc View* GIS. Geostatistical 
analysis was performed, and spatial variation maps were created using GS+~(Version 5.1.1, 
Gamma Design Software, Plainwell, MI) and Surfer* (Version 7, Golden Software, Inc. 
Golden, CO). Semivariance analysis was used to calculate every probable pair of points and 
to assign each to an interval class. The best-fit model (spherical, exponential, linear, linear to 
sill, Gaussian) was chosen by parameters, such as nugget variance, sill, range, proportion of 
spatial structure, regression coeffiecient, and reduced sum of squares. Inverse distance 
weighting and kriging were used to interpolate spatial relationships from the data compiled, 
estimate the information for the neighboring positions, and create output. 
Statistical analysis of the data was completed using the general linear model 
procedure SAS* (Version 8.0, SAS Institute Inc., Cary, NC, 2002) programs (Tables A2 and 
A4-A11). Significant differences noted are at P<0.05 unless otherwise noted. Tukey's 
studentized range test for significant differences was used for multiple comparisons unless 
otherwise noted. Pearson correlation coefficients to identify significant correlation 
relationships were calculated with JMP* (Version 5.1.1, SAS Institute Inc., Gary, NC, 2001). 
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Results and Discussion 
This study originated from the hypothesis that warm-season grass pastures 
interseeded with adapted legumes would result in improved productivity and quality during 
the summer months. Average daily gains of cattle grazing on these pastures were recorded 
and analyzed for comparisons between grass only and grass/legume mixtures. Cattle gains 
were greater in the first year of grazing than in other years (Table 2). 
Table 2. Mean gains for cattle grazing switchgrass and big bluestem pastures with and 
without legumes. 
Year Treatment Total gain Average daily gain 
(kg) (kg/day) 
2000 Big bluestem 45.72 0.73 
Big bluestem/Legume 43.70 0.69 
Switchgrass 36.60 0.58 
Switchgrass/Legume 43.13 0.68 
2001 Big bluestem 25.25 0.41 
Big bluestem/Legume 17.31 0.28 
Switchgrass 29.51 0.48 
Switchgrass/Legume 16.17 0.26 
2002 Big bluestem 28.94 0.52 
Big bluestem/Legume 34.62 0.62 
Switchgrass 28.66 0.51 
Switchgrass/Legume 34.05 0.61 
Standard error of means averaged over all years: 1.05, 0.02; means averaged for 2000: 1.51, 
0.03; means averaged for 2001: 1.51, 0.02; means averaged for 2002: 1.48, 0.02, for total 
gain and average daily gain, respectively. 
For each year of the study, cattle gains were significantly different (P<0.05), thus 
gains were analyzed separately by year. This study was designed specifically to compare 
legume additions to grass pasture and grass only pastures. Accordingly, effects of legumes 
were tested using contrast statements. In comparisons, grass/legume mixtures to grass only 
pastures were significantly different (P<0.10) for cattle gains between grass only and 
grass/legume mixtures for 2001 (P=0.003) and 2002 (P=0.10) but not for 2000 (P=0.46). 
Contrasts were also used to compare differences in treatments for each year. For all years 
(2000, 2001, and 2002), gain between switchgrass/legume and big bluestem/legume 
treatments (P=0.90, 0.82, and 0.92, respectively) was not significantly different. A 
distinction (P<0.10) was identified for grass only treatments in 2000 but not in 2001 and 
2002 (P=0.06, 0.38, 0.95, respectively). 
Average daily gains for cattle on grass/legume pastures were comparable for 2000 
and 2002 (0.69 and 0.68; 0.62 and 0.61 kg/day, respectively). Gains in 2001 were higher in 
grass only pastures (0.41 and 0.48 kg/day) than in grass/legume pastures (0.28 and 0.26 
kg/day). Differences across years and treatments suggest that variables other than grass 
species affected cattle gains. Some variables that should be included in the evaluation of the 
results are biomass, precipitation, and pasture management. Another item that should be 
considered when comparing cattle gains across years is the method of moving and weighing 
cattle. Animals used in this study were not used to humans and would sometimes run 
through fences while pasture data collections were occurring during 2000, which resulted in 
the loss of that animal's data because the animal left the designated treatment. In order to 
prevent the loss of data, animals were corralled while pasture data collection was occurring. 
After data collection was complete, cattle were weighed and moved to the appropriate 
paddock. Temperatures on days of data collection were often high and this put stress on the 
animals. Stress of moving the cattle in 2001 and 2002 could explain some differences in 
animal gain across the study because animals graze and respond differently under stressful 
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conditions. In future experiments, care should be taken to weigh animals in the same manner 
as previous years. 
One reason for variations across the years of this study was pasture management. In 
2001, observations were made of a large amount of cool-season grass invasion in the warm-
season grass pastures. Since burning cool-season grasses in the spring as a management tool 
for warm-season grass pastures would potentially damage legumes, it was determined that 
cool-season growth should either be grazed or removed from the pasture treatments to allow 
productive warm-season pastures in the summer. Cool-season growth in conjunction with 
warm-season growth provides forage for livestock throughout the seasons of the year (Jung 
et al., 1978; Jung et al., 1985). Although cattle gains and biomass data were not collected 
across the entire growing season, cool-season forage was available for livestock grazing or 
for hay removal. 
Treatments exhibited higher animal gains for grass/legume mixtures, as hypothesized 
in 1999 by this study. However, this only occurred for switchgrass/legume and big 
bluestem/legume treatments in 2002. Cattle gains in 2000 were not significantly different for 
switchgrass/legume, big bluestem/legume, and big bluestem, with big bluestem showing the 
highest gains. Treatments with grass only for both big bluestem and switchgrass were higher 
than the legume treatments for 2001, but gains for 2001 were significantly lower than the 
other years. This was due to the limited amount of forage available in 2001 relative to the 
other years for most harvests and over all treatments (Figures 4 and 5). 
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oe 
4500 i 
4000 
g 3500 
^ 3000 
Jj 2500 1 
I 
2000 -
1500 
1000 -
500 
0 
E3 Big bluestem 
• Big bluestem + Legume 
I Switchgrass 
I Switchgrass + Legume 
2002 
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One reason for differences in gain and biomass across years is the amount of 
precipitation. Precipitation was comparatively lower in May 1999 and 2000 in relation to 
2001 and 2002 (Figure 6). Precipitation or lack of it, at the beginning of the grazing season, 
affects the forage growth and availability for livestock. Adequate water and solar radiation 
(Figure 7) are important in maintaining biomass yield and forage quality to support livestock 
production (Buxton and Fales, 1994). Differences in biomass accumulation between warm-
and cool-season species can be described by changes in precipitation and solar radiation 
(Sims et al., 1978). 
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Figure 6. Average monthly precipitation from 1999-2002 for western Iowa. 
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Animal gains are related to more than just the amount of forage available; the quality 
of forage must be able to support animal production. Animal preference and selectivity must 
also be considered. Forage quality of pastures interseeded with legumes was higher for all 
years (Table 3). No difference in quality between grass species (P<0.05) in any year was 
observed. Crude protein (7-9.6% for grass only; 13-15% for grass/legume pastures), 
digestibility or IVDMD (51-56% for grass only; 55-62% for grass/legume pastures), and 
lignin (3-3.3% for grass only; 4.5-5.7% for grass/legume pastures) values were higher 
(P<0.05) in grass/legume treatments for all years, but type of grass did not show a significant 
effect. Although the factors of quality indicate that grass/legume treatments were relatively 
higher in overall forage quality than the grass only treatments, the animal gains did not show 
the same results. However, observations were not collected on what forage cattle were 
selecting. Cattle had the entire paddock of forage to choose the preferred species for each 
bite. Animal preference can result in animals that are different than expected or different 
than the actual forage quality (Hodgson et al., 1994). Therefore, importance should be 
focused on the available forage quantity and quality in pasture treatments. 
Table 3. Forage quality analysis of samples across switchgrass and big bluestem pastures 
with and without legumes collected over three years. 
Year Treatment CP IVDMD ADF NDF ADL 
% -
2000 Big bluestem 6.95b 55.46b 34.17ab 61.97a 3.15b 
Big bluestem + Legume 14.64a 61.49a 33.33a 50.79b 5.66a 
Switchgrass 7.48b 56.10ab 33.80b 61.26a 3.26b 
Switchgrass + Legume 14.99a 62.17a 32.85ab 50.57b 5.41a 
2001 Big bluestem 8.30b 52.21a 34.37ab 61.79a 3.01b 
Big bluestem + Legume 14.09a 55.72a 34.7lab 53.72b 5.49a 
Switchgrass 8.60b 51.42a 35.22a 63.06a 3.23b 
Switchgrass + Legume 14.01a 56.51a 34.11b 53.30b 5.21a 
2002 Big bluestem 9.64bc 53.40a 32.93a 60.90ab 2.90b 
Big bluestem + Legume 13.1 lab 54.80a 34.34a 56.47b 4.75a 
Switchgrass 9.37c 52.77a 33.80a 62.46a 3.01b 
Switchgrass + Legume 13.73a 55.97a 32.97a 55.24b 4.45a 
Values in columns by year with the same letter are not statistically different at P<0.05 level. 
f CP, crude protein; IVDMD, in vitro dry matter digestibility; ADF, acid detergent fiber; 
NDF, neutral detergent fiber; and ADL, acid detergent lignin. 
Because animals did not begin grazing pastures until mid-June, this provided an 
opportunity for invasion and growth by grasses such as smooth bromegrass and reed canary 
grass. Due to this disturbance caused by cool-season grass in warm-season pastures, the 
experiment should be repeated. In the future, care should be taken to maintain fence rows of 
established warm-season pastures to help prevent invasion of cool-season grasses. In 
general, cattle gains over the summer months provided some evidence of pasture 
productivity. Considering that most pastures in Iowa consist of cool-season grasses, future 
research should include cool-season pasture modification with warm-season grasses and 
legumes while concentrating on competition, temporal and spatial, that occurs between the 
species. 
Observations in the field became apparent that cool-season grasses were invading the 
established warm-season grass pastures. The pastures were established native warm-season 
grass pastures; in just a few years time, there had been an invasion of cool-season grasses. In 
describing spatial patterns across pastures, analysis of species distribution was of high 
importance. Because species growth and survival revolves around the environment, it is 
imperative to understand the spatial distribution and relationships of pasture vegetation and 
pasture environments. 
Species composition of grass and grass-legume pastures was estimated over a period 
of two years (Table 4). A list of species found in pastures can be found in the appendix 
(Table Al). There was no significant difference reported between years for percentage of 
legumes or cool-season grasses present. Grass/legume pastures showed a relatively high 
percentage of legumes (> 45%) in total pasture composition, which indicates the legumes 
were reasonably well established (Van Keuren and Hoveland, 1985). A large percentage of 
the pasture composition consisted of cool-season grasses. The overall composition of warm-
season grasses was very low (ranging from 1-26 %) in the 'warm-season grass' pastures. 
When species composition was compared over pasture treatments, legume percentages were 
significantly different for all treatments with big bluestem/legume (51% in 2001 and 52.8% 
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in 2002) and switchgrass/legume (47.3% in 2001 and 45.8% in 2002) treatments showing the 
highest percent of legume. Cool-season species across treatments showed the opposite trend 
with switchgrass and big bluestem grass only pastures having highest percentages of cool-
season grasses (68-78% in grass only pastures). As for warm-season grass composition, 
significantly less warm-season grasses were found in pastures containing legumes (1-2% 
warm-season grass). There appeared to be a negative relationship between the warm-season 
grasses and legumes in total pasture composition. 
Table 4. Percent species composition across various pasture treatments monitored over two 
years using the dry-weight rank method. 
Year Treatment Legume Cool-season Warm-season 
grass grass 
• - % 
2001 Big bluestem 4.4c 68.5b 25.7a 
Big bluestem + Legume 51.0a 47.1c 1.0c 
Switchgrass 1.2d 75.0a 19.4b 
Switchgrass + Legume 47.3b 47.9c 2.2c 
2002 Big bluestem 5.0c 69.3b 18.0a 
Big bluestem + Legume 52.8a 38.6d 1.1c 
Switchgrass 2.3d 77.5a 12.2b 
Switchgrass + Legume 45.8b 48.1c 1.1c 
Values in columns with the same letter are not statistically different at P<0.05 level. 
Plant growth and survival depends partly on the amount of solar energy that a plant is 
able to capture. In research involving tall-growing grass species, white clover production 
was hindered because of limited light penetration through the tall surrounding canopy 
(Sanderson and Elwinger, 2002; Warren, 2000). Cuomo et al. (2001) showed that legume 
establishment was dependent on suppression of pre-existing vegetation, but alfalfa was 
established better than other legumes. In another study, Springer et al. (2001) found that 
switchgrass dry matter was over 80% of the total dry matter yield in switchgrass/legume 
mixtures. 
For the pastures located in western Iowa, the story was very different. Legumes 
appear to out-compete warm-season grasses. The dominant legume species was alfalfa, a 
species with the ability and growth characteristics to accumulate biomass over a broad range 
of environmental conditions (as if it were both a cool- and warm-season species), (Nelson 
and Moser, 1994). In the pastures located in western Iowa, legumes and cool-season grasses 
are intercepting light and resources impeding growth of warm-season grasses. Although 
some of the species in the legume mixture, such as alfalfa, appear to be adapted to the 
environment, they may not be ideal for use in a self-sustaining grass/legume pasture. As 
Springer et al. (2001) found that not all mixtures of legumes and native warm-season grasses 
are compatible for a sustainable pasture system. Reasons for this lack of compatibility 
include lack of persistence of species in combination, which can be due to competition for 
resources or animal preference for legumes, which reduces legumes over time in the pasture. 
In mixed pasture systems, the interactions between species are only a small part of the 
complex structure. Soil characteristics and animal influence or preference must also be 
considered (Schwinning and Parsons, 1996b). Data were collected along various landscape 
positions to characterize spatial distribution patterns of species in pastures. Hall and Olson 
(1991) suggested that variation in most soils is often related to water. Many characteristics 
have been correlated with soil electro-conductivity (EC) (Mueller et al., 2003), including clay 
content (Doolittle et al., 1994), soil available N (Eigenberg et al., 2002), sand deposition 
(Kitchen et al., 1996), soil salinity (Hendrickx et al., 1992; Lesch et al., 1992; McKenzie et 
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al., 1997), and soil water content (Sheets and Hendrickx, 1995). Soil EC was used as an 
efficient method of characterizing soils in pastures of this study (Figure 8, geostatistics given 
in appendix Table A15). Soil EC showed significant negative relationship to landscape 
position and height and a positive relationship to slope. As height and landscape position 
increased, soil EC values were significantly lower. This was likely due to changes in soil 
moisture based on research by Knapp et al. (1993), which stated that soil moisture was 
greater in toeslope positions than in other positions. Soil EC has been associated with 
changes in landscape position and soil moisture (Brevik and Fenton, 2002; Guretzky, 2002; 
Tarr, 2002). 
Figure 8. Interpolated map of soil electroconductivity shown combined over a map of 
elevation for pastures. 
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Two sampling methods were used to evaluate species composition, the dry-weight 
rank method and the modified-Whittaker sampling method. Due to the sampling techniques 
involved in the dry-weight rank method, data collected using this method was used to create 
georeferenced maps of species composition. This method is designed for a visual estimate of 
species composition, but it was necessary to sample multiple sites within a pasture, which 
took time. Although clipping samples and calibrating the 'eyes' of the evaluator have proven 
this method to be an acceptable method for rapid sampling, it is necessary to use the same 
evaluator and to collect clippings for calibration. The dependence on one evaluator and time 
involved in data collection compelled the researcher to search for other options of sampling. 
After a detailed literature search, it was apparent that it was important to consider 
sampling scale and species richness. Thus, modified-Whittaker sampling method was 
included to provide information on number of species present within a specific scale. It lacks 
an estimate of dry matter, but it provided a sampling methodology that is not dependent on 
the calibration of an evaluator's 'eyes' or opinion. The modified-Whittaker method provided 
accurate information on number of species present. This method was also relatively simple. 
Yet, the modified-Whittaker method required a more intensive grid set-up that took time. In 
comparing the two methods, one would have to establish a goal for a desired result and time 
involved in data collection. Once the initial set-up was completed for the modified-
Whittaker method, researchers can collect vital information regarding the occurrence of 
species within various scales. On the other hand, the dry-weight rank method did not require 
the set-up time but availability of the same evaluator to estimate species dry matter 
composition. Both methods provided important species information and a researcher would 
have to determine whether dry matter or species richness are necessary for his study. 
Species composition was recorded along landscape positions (Tables 5 and 6). The 
dry-weight rank method (Table 5) showed cool-season grass growth ranging from 35-90% 
for all treatments. Summit position vegetation consisted mostly of cool-season grass species, 
such as smooth bromegrass (49-90%). Reed canarygrass (Phalaris arundinacea) was more 
often found on bottom or toeslope positions. Small percentages of legumes were found in 
grass only treatments, data points were occasionally near the fences near grass/legume 
treatments. Larger percentages of legumes were identified in toeslope (46-56%) and 
sideslope (50-54%) positions in the grass/legume treatments. This is in agreement with other 
studies which found legume composition and dry matter production to be greater on 
backslope positions (Guretzky et al., 2004; Guretzky et al., 2005; Harmoney et al., 2001). 
Data are not descriptive enough for interpretation because it is important to note the 
adaptations and growth habits of specific plant species. For instance, white clover was most 
often found growing in toeslope landscape positions, while crownvetch was found in summit 
locations. It is imperative for accurate analysis to observe and consider individual plant 
species growth across landscape positions. 
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Table 5. Percent species composition across various landscape positions and pasture 
treatments using the dry-weight rank method. 
Treatment Position Cool-season Legume Warm-season 
grass grass 
— -  %  
Big bluestem Toeslope 75.8 7.4 14.6 
Sideslope 67.9 1.8 29.2 
Summit 61.8 6.7 30.5 
Big bluestem + Legume Toeslope 51.6 45.9 0.1 
Sideslope 44.7 53.7 1.1 
Summit 48.8 49.2 1.3 
Switchgrass Toeslope 66.1 0.9 24.8 
Sideslope 40.1 1.0 54.9 
Summit 90.1 1.6 6.9 
Switchgrass + Legume Toeslope 35.4 55.7 3.0 
Sideslope 45.1 50.1 4.5 
Summit 60.9 38.2 0.7 
Standard error of means 2.2, 1.9, 1.6 for cool-season grass, legume, and warm-season grass, 
respectively. 
Table 6. Percent species occurrence across various landscape positions using the modified-
Whittaker sampling method. 
Treatment Position Cool-season Legume Warm-season 
grass grass 
% -
Big bluestem Toeslope 28.36 15.08 16.33 
Sideslope 30.31 22.34 22.42 
Summit 23.05 23.52 30.70 
Big bluestem + Legume Toeslope 31.04 13.26 4.93 
Sideslope 26.25 9.64 9.82 
Summit 25.55 7.81 7.34 
Switchgrass Toeslope 31.72 16.17 15.00 
Sideslope 25.16 18.28 31.25 
Summit 25.08 14.30 27.19 
Switchgrass + Legume Toeslope 30.31 18.13 9.48 
Sideslope 26.65 10.51 10.51 
Summit 24.73 11.34 12.95 
Standard error of means 0.18, 0.10, 0.08 for cool-season grass, legume, and warm-season 
grass, respectively. 
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The modified-Whittaker sampling method showed a different view of species 
occurrence across landscape position (Table 6). While the dry-weight rank method included 
estimates of the dry matter and did not show a large percentage of the pastures consisting of 
weedy or undesirable species, total (100%) occurrences for the modified-Whittaker method 
included a considerable percentage of weedy or undesirable species (not shown). Because 
the modified-Whittaker method records only presence or absence of a specific species, the 
dry-weight rank method provided accurate information on combined species composition 
across landscape positions. In comparing specific species and importance of choosing an 
appropriate sampling scale, the modified-Whittaker method was useful. 
The dry-weight rank method provided a relatively quick and simple method for 
sampling species composition. This method was used to create interpolated maps of species 
composition. Spatial maps of species composition were interpolated to compare patterns of 
growth (Figs. 9-11). Although data collections were repeated in July and September for 2001 
and 2002, data are shown for July, 2001. There was not a considerable change in species 
composition across the study; one would expect greater changes in species composition 
occurring with changes in management or over longer periods. Geostatistics, for this and 
other dates, and maps for species composition on other collection dates are given in the 
appendix (Tables A15-A19, Figs. A1-A12). Maps of other dates can be found in the 
appendix. Patterns were identified that show negative relationships between legumes and 
both types of grasses. Correlation values comparing legumes and cool- and warm-season 
grasses agreed with these negative relationships (Tables 7 and 8). Higher correlation values 
were found between landscape position and crownvetch, red clover and reed canarygrass 
(r=0.13, -0.18, -0.27, respectively). A positive significant relationship between crownvetch 
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and landscape position indicated that this legume species was appropriate for growth in 
summit positions. Of the legume species planted, alfalfa, crownvetch, red clover, and white 
clover were the highest percentage of legume composition across pastures. Presence of these 
species showed that they were adapted to growth in pastures in western Iowa. Significant 
correlations along landscape positions indicate that site-specific pasture management would 
be possible by focusing resources to support grass growth to summit positions and 
concentrating on legume establishment and growth at sideslope positions. 
Figure 9. Interpolated map of legume species composition across pastures in July, 2001 
using the dry-weight rank method. 
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Figure 10. Interpolated map of cool-season grass species composition across pastures in 
July, 2001 using the dry-weight rank method. 
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Figure 11. Interpolated map of warm-season grass species composition across pastures in 
July, 2001 using the dry-weight rank method. 
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Table 7. Pearson linear correlation coefficients of species composition and pasture 
characteristics. 
Legume Cool-season grass Warm-season grass 
Cool-season grass -0.70* 
Warm-season grass -0.26* -0.41* 
Soil electroconductivity 0.06* -0.18* 0.14* 
Position -0.07* 0.14* -0.01 
Slope -0.10* 0.03* 0.13* 
Height -0.08* 0.15* -0.03* 
: indicates correlation values with significant pair-wise correlation at P < 0.05. 
Table 8. Pearson linear correlation coefficients of species composition and pasture 
characteristics. 
Position Slope Elevation Soil 
EC 
Smooth 
brome 
Switch-
grass 
Big 
bluestem 
Alfalfa -0.08* -0.09* -0.07* 0.04* -0.47* -0.15* -0.21* 
Crownvetch 0.13* 0.03* 0.13* -0.03* -0.21* -0.06* -0.06* 
Hairy vetch -0.01 -0.03* -0.03* -0.004 -0.06* 0.01 -0.03* 
Red clover -0.18* -0.12* -0.21* 0.13* -0.30* -0.06* -0. 1 1 *  
White 
clover 
-0.10* -0.10* -0.12* 0.02 -0.11* -0.008 -0.03* 
Cicer 
milkvetch 
-0,05* -0.06* -0.07* 0.06* -0.13* -0.02 -0.04* 
Birdsfoot 
trefoil 
-0.01 -0.02 -0.01 -0.005 -0.02 -0.005 -0.01 
Kura clover -0.04* -0.03* -0.06* 0.06* -0.05* -0.002 -0.01 
Sweetclover -0.02 0.001 -0.02 0.04* -0.07* 0.04* 0.05* 
Reed 
canarygrass 
-0.27* -0.33* -0.28* -0.04* -0.36* -0.06* -0.10 
* indicates correlation values with significant pair-wise correlation at P < 0.05. 
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Observations made of specific species, using the modified-Whittaker sampling 
method, showed a higher percentage of cool-season grass, smooth bromegrass, across all 
pastures (Figure 12). Using this sampling method, the most predominant legumes in 
grass/legume pastures were alfalfa, crownvetch, red clover, and cicer milkvetch (Figure 13). 
As mentioned earlier, individual species adaptations and occurrences were dependent on 
landscape position (Figures 14-21). Smooth bromegrass was found to persist at all landscape 
positions (Figure 14). Research has shown smooth bromegrass to be a very tolerant cool-
season grass adapted to a variety of environmental conditions (Carlson et al., 1996; Vogel et 
al., 1996). Reed canary grass growth was greatest in moist toeslope positions and reduced in 
drier summit positions (Figure 15). This is consistent with growth characteristics of reed 
canary grass. For warm-season grass species adapted to growth in low moisture, big 
bluestem and switchgrass were found to occur more often in summit and sideslope locations 
(Figure 16-17). Switchgrass was found to occur in low numbers in toeslope position, which 
suggests that switchgrass was adapted to both moist and dry landscape positions. For 
legumes, particular species persist at various landscape positions. Alfalfa occurred in 
sideslope and summit locations (Figure 18); greater percentages of crownvetch occurred in 
toeslope and summit locations than in sideslope positions (Figure 19). Red clover and cicer 
milkvetch occurrences were identified across all landscape positions (Figure 20-21). 
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Figure 12. Percent occurrence of grass species in mixed pastures using the modified-
Whittaker method. 
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Figure 13. Percent occurrence of legume species in mixed pastures using the modified-
Whittaker method. 
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Figure 14. Percent occurrence of smooth bromegrass across various landscape positions 
mixed pastures using the modified-Whittaker method. 
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Figure 15. Percent occurrence of reed canary grass across various landscape positions in 
mixed pastures using the modified-Whittaker method. 
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Figure 16. Percent occurrence of big bluestem across various landscape positions in mixed 
pastures using the modified-Whittaker method. 
<D 
0 
1 
o 
o 
Toeslope 
Sideslope 
—A—Summit 
0.0625 0.625 6.25 62.5 
Scale (m ) 
Figure 17. Percent occurrence of switchgrass across various landscape positions in mixed 
pastures using the modified-Whittaker method. 
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Figure 18. Percent occurrence of alfalfa across various landscape positions in mixed pastures 
using the modified-Whittaker method. 
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Figure 19. Percent occurrence of crown vetch across various landscape positions in mixed 
pastures using the modified-Whittaker method. 
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Figure 20. Percent occurrence of red clover across various landscape positions in mixed 
pastures using the modified-Whittaker method. 
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Figure 21. Percent occurrence of cicer milkvetch across various landscape positions in 
mixed pastures using the modified-Whittaker method. 
The modified-Whittaker method was intended to provide information on species 
richness. Species richness was similar across all landscape positions at small or large scales 
(Figure 22). Some research suggests that a larger number of species is ecologically 
beneficial. Producers concerned with finding the most adapted species and providing forage 
for livestock might not agree. An undesirable plant species could provide food or shelter for 
small wildlife, but the animals that provide income for the producer avoid these plant species. 
Identifying multiple forage species that are most adapted to specific locations provides 
opportunity for livestock and wildlife benefiting the producer. Knowledge of site-specific 
adaptations will improve pasture management techniques by allowing a producer to focus 
efforts for a species on landscape positions with the most potential for successful forage 
growth and survival. For example, the survival of smooth bromegrass in multiple 
environments suggests that producers concentrate on using this cool-season grass growth in 
conjunction with legumes and warm-season grass. Seeding and management for crownvetch 
growth should not be focused on sideslope locations but on summits and toeslopes. By 
managing for a combination of species, producers can fill niches left by seasonal distribution 
of cool-season species. 
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Figure 22. Number of species present across various landscape positions in mixed pastures 
using the modified-Whittaker method. 
Improving pasture management can be difficult. This study showed that the addition 
of legumes to warm-season grass pastures improved the nutritional quality of pastures. 
Regardless of cool-season grass invasion into pastures, warm-season grass pastures can be 
improved with legumes with proper management. With persistent cool-season grass 
providing some adequate forage throughout the year, future research should include 
investigations of interactions between cool-season and warm-season grasses and legumes. 
Spatial variation of species was studied in relation to soil and landscape position. 
Results verified relationships between species and soil and landscape position. Relationships 
along landscapes indicated forage management on summit positions should center on grasses 
and legumes on sideslope positions. As a result, site-specific pasture management across 
landscape positions would be possible. 
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CHAPTER 3. COMPETITIVE EFFECTS OF A COOL-SEASON GRASS ON TWO 
WARM-SEASON GRASSES 
Abstract 
Invasion of established warm-season grass pastures by cool-season grass species can 
be difficult to manage and control. Understanding competition among these species should 
allow producers to improve management to eliminate or reduce cool-season invasion of 
warm-season pastures. Observations made of warm-season grass pastures (described in 
previous chapter) showed that invasive cool-season grasses made up a high percentage of 
species composition across all pastures. Due to the presence of legumes, burning cannot be 
used as a means to maintain warm-season grasses dominant over cool-season grass because 
legumes perish after burning. Thus, effective pasture management required a refined 
understanding of competition between the grasses was needed. A competition study was 
conducted in the greenhouse between two native warm-season grasses, switchgrass and big 
bluestem, and a cool-season grass, smooth bromegrass. Constant densities (4 plants) of 
warm-season grasses were grown with various densities (0, 4, 8 and 16 plants) of smooth 
bromegrass (treatments were 4:0, 4:4, 4:8, and 4:16) under two temperatures (30°C and 
20°C) and clipping (cut and no cut) regimes. 
Smooth bromegrass was less affected by competition than the warm-season grasses, 
which was as expected from previous observations in the field. Significant species 
differences were identified for biomass, count, height, or C : N ratio. Weight, tiller count and 
tiller height per plant for all species decreased with increasing density. Smooth bromegrass 
yielded more biomass per plant at higher planting densities than the warm-season grasses. 
Contrast comparisons revealed significant differences between monoculture (control) and the 
highest density (4:16) treatments for biomass, tiller count, tiller height and C : N ratio. 
Relative competition intensity was calculated to compare the competitive ability of the 
grasses to accumulate biomass. For all densities, temperatures, and cutting treatments, big 
bluestem and switchgrass were more affected by competition than smooth bromegrass. 
Measurements of C : N ratios for plant biomass provided information on resources captured, 
which can be used to determine and compare plant responses to competition. Carbon : 
nitrogen ratios were higher for the warm-season grasses under the cooler temperatures. 
Density of the associate species (smooth bromegrass) and temperature affected 
production of both switchgrass and big bluestem. Overall, warm-season grass growth was 
affected by temperature and by the density of cool-season grass. Smooth bromegrass can 
provide forage during the cool months, but it is essential to maintain control over populations 
to allow for warm-season grass production during the summer months. Combination 
pastures of warm- and cool-season species can be beneficial and productive throughout the 
grazing season only if management techniques must include confined growth of all forage 
species. Competitiveness of smooth bromegrass showed the importance of controlling 
invasion into warm-season grass pastures or modifying pasture management to include the 
persistent species. This investigation will aid in comprehension of complex competitive 
interactions between warm-season and cool-season grasses as affected by temperature, 
density, and clipping treatments and aid in development of management strategies to 
maximize production in pure or mixed pastures. 
Introduction 
Complex mixtures of plant species and their interactions affect plant growth and 
competition. Competition takes place between plant species as a struggle for available 
resources with productivity of one species exceeding another species. In order for producers 
to achieve a level of efficiency and maximize productivity, pasture management must 
involve an understanding of competition between complex mixtures of plants. Complex 
pasture mixtures are challenging to manage, but diverse plant characteristics provide a 
variety of benefits to producers. By understanding growth habits, nutrient cycles, and 
competition of plants in pastures, producers can harness the diverse characteristics of plant 
populations and focus management decisions around these characteristics (Kemp and King, 
2001). Difficulty of managing intricate relationships between forage species not only 
involves competition but co-existence of species. 
Some co-existence occurs naturally because of plant characteristics. Growth 
characteristics, growth habit, species morphology, and seasonal distribution of a number of 
plant species allow co-existence of plants. For instance, efficient light capture occurs early in 
the season for lower canopy species and later in the season for taller species allowing for 
coexistence of species (Anten and Hirose, 1999). Co-existence of species, often a simple 
result of opportunity, can be found within the canopy by height differences; it can also be 
found across the pasture. Schwinning and Parsons (1996a) noted that legume patchiness and 
abundance is a result of low N sites with little grass competition allowing for legume 
invasion. Knowledge of competition and co-existence between species is a substantial 
element of forage production. If both cool- and warm-season species exist in a pasture, plant 
responses to temperatures can provide year-round forage for livestock production (Nurjaya 
and Tow, 2001). Temperature ranges across seasons allow seasonal distribution of adapted 
pasture species. 
Warm-season, C4, species have a higher optimum temperature for maximum growth 
rate than C3 species (Boryslawski and Bentley, 1985). Cool- and warm-season species 
accumulated more biomass over time when grown at day temperatures of 20°C and 30°C, 
respectively. Differences in species adaptation to temperature allow invasive species to exist 
and compete in mixed pastures. For instance, warm-season species were found to be more 
dependent on warm temperatures for initiation of germination than cool-season species 
(White et al., 2001a). Pasture composition and dynamics were influenced by plant sensitivity 
to warm temperatures in a mixed sward (Carlassare and Karsten, 2003). Carlassare and 
Karsten (2003) found a negative relationship between Kentucky bluegrass (Poa pratensis L.) 
production and a warm, dry environment where quackgrass (Elytrigia repens L.) was less 
affected. Some introduced cool-season species are able to germinate, grow and succeed in a 
wider range of temperatures than warm-season grasses, which makes these cool-season 
species competitive and, as sometimes described, invasive. In response to increased carbon 
dioxide concentrations, C3 grasses showed a competitive advantage when compared to C4 
grasses (Campbell and Hunt, 2001; Pearcy and Ehleringer, 1984). Even when not the 
primary species, well-adapted introduced cool-season species sometimes become invasive 
because of opportunistic response to available resources (Moser and Hoveland, 1996). 
Plant responses to available resources are affected by neighboring plant populations. 
More resources (available light, soil moisture, and N) were recorded in plots with no 
competition from neighbors when compared to those plots with competing species (Peltzer 
and Kochy, 2001). Plant growth and survival is dependent on acquiring adequate nutrients, 
water, light, and physical space. When plants establish earlier in the growing season, such as 
C3 species, the earlier plants out-compete the later-developing plants, such as C4 species 
(Tow and Lazenby, 2001). Early season growth by cool-season species impedes germination 
and growth of warm-season species. Thus, pasture management for warm-season species 
should involve removal of plant material by grazing or cutting, which opens up the plant 
canopy and aids in new plant development and growth by allowing light to reach lower 
leaves and increasing soil temperature for seed germination (Nurjaya and Tow, 2001). 
Species composition and potential competitiveness is also influenced by available soil 
nutrients and moisture. Fluctuations in species populations depend on N levels (Schwinning 
and Parsons, 1996a; Schwinning and Parsons, 1996b). For example, legumes are able to 
compete with grasses and dominate pastures in soils with low N fertility, but the reverse is 
true with high N fertility (Schwinning and Parsons, 1996a). A diversity study showed 29% 
more species under higher N rates (Singer, 2002). Campbell et al. (1991) suggested that 
competition for resources is essential for plant survival in soils of high fertility. However, 
effects of soils and nutrient relations in pastures systems are dependent on the species 
present. Reich et al. (2001) stated that growth response to carbon dioxide and available soil 
N was greater for C3 grasses than C4 grasses with considerable variation among particular 
plant species. 
Plant communities and their distribution are influenced, possibly controlled, by 
competitive interactions with surrounding plants (Peltzer and Kochy, 2001). An increase in 
competitiveness between plant species was identified in increasing plant spacing and nearby 
plants of another species (Gurevitch et al., 1990). Population density of focal and associate, 
or competing, species affects the establishment, production and survival of the focal species 
(Austin et al., 1988; Brown and Rice, 2000; Bullock et al., 1994; Weiner, 1980). Increased 
planting density and growth habit of pasture species affects the amount of light allowed to 
infiltrate the canopy and, therefore, affects plant production. Increasing densities of zorro 
fescue (Vulpia myuros) had a negative affect on performance of perennial grasses (Brown 
and Rice, 2000). 
Presence of neighboring plant species affects species competition for resources, 
including space. Tilman (1993) concluded that species richness was influenced more by 
lower light penetration due to high plant litter than by nearby living plants. However, 
another study found that above-ground biomass (less light infiltration) negatively impacted 
species richness more than litter (Xiong and Nilsson, 1999). Diversity of species present was 
negatively affected by competition for light, water and nutrients in the soil (Rajaniemi, 
2002). Plant growth in relation to competition was affected more negatively by neighbors of 
a different species and decreased plant spacing than under higher fertility levels (Gurevitch et 
al., 1990). Dyer et al. (2000) suggested that seeds may be able to 'sense' competition in their 
surroundings, which can affect patterns of emergence and establishment of a species (Kleijn, 
2003). This suggests that although environment is involved in pasture systems, there are 
some underlying patterns and relationships occurring. 
Interactions affecting plant growth and competition occur between and among plant 
species. This level of competition often results in one species surpassing another for 
available resources. Competitive interactions between species are sometimes so minute in 
scale (Lavorel et al., 1999) that they would be difficult to study, other times interactions are 
on such a large scale (Reader et al., 1994) that it is difficult to grasp an understanding of the 
complexity. Because many factors are involved in the complex interactions that occur 
between species, it makes sense to choose a simple design to study particular factors 
involved in plant competition. 
Pure native warm-season grass pastures are sometimes difficult to maintain due to 
invasion of cool-season species, such as smooth bromegrass. A similar situation was 
described in the previous chapter. Because of this shift in pasture species, it is important to 
understand competition that occurs between these species. A better understanding can help 
develop strategies for managing pastures to maintain warm-season grass pastures and either 
control or utilize invader species as a forage resource. Mixed populations of warm- and cool-
season species are likely because of seasonal distribution. However, some overlap of the 
species requirements for light, water and nutrients makes competition between species a 
factor to consider in pasture management. 
Pastures often include complex species mixtures. Various growth patterns due to 
growth habit, species morphology, and seasonal distribution allow some species to co-exist 
with proper pasture management. In some cases, mixtures are fundamental even with 
existing competition. Although yields of tall fescue and birdsfoot trefoil were reduced by 
interspecific competition, management of harvest frequency showed capability of mixtures 
for more productivity than monocultures (Beuselinck et al., 1992). Awareness of 
competition between species is a considerable component of pasture management. 
Management requires an understanding of competition and co-existence of species and 
frequently requires a decision to maximize productivity of a specific species in the mixture. 
Understanding complexity of plant competition and pasture management in order to maintain 
desired productivity and species is an intricate task. Management decisions made by humans 
can create growing conditions that promote productive environments and allow competing 
plant species to co-exist (Lazenby and Tow, 2001). 
An understanding of competitive interactions between warm-season and cool-season 
grasses as affected by temperature, density, and clipping treatments will aid in 
comprehension of the struggle that is occurring in pasture systems, and, ultimately, aid in 
development of management strategies to maximize production in pure or mixed pastures. 
Two native warm-season grasses, which were switchgrass (Panicum virgatum L., cv. 
Cave-in-Rock) and big bluestem (Andropogon gerardii Vitman, cv. Roundtree), considered 
the focal species, were planted at constant densities in combination with increasing densities 
of a cool-season grass, which was smooth bromegrass {Bromus inermis Leyss, cv. Lincoln), 
the associate species. 
The growing media used in this experiment was soil collected from pastureland near 
the experimental area of western Iowa described in chapter 2. The reason for this was to 
ensure mycorrhizal fungi were present to aid in the establishment and growth of the warm-
season species (Hartnett et al., 1993). The soil was mixed at a rate of 4 kg fertilizer/m3 of 
soil using Osmocote® slow release fertilizer (18-6-12 plus minors, Scott's Sierra Horticulture 
Products, Marysville, OH). Limestone chips (~ eight cm of 1.9-cm or %-inch chips) were 
placed in the bottom of round plastic pots, which were 25.4 cm in height and 20.3 cm in 
diameter and approximately 7.6-L (2 gal), to improve drainage. The pots were then filled to 
the top with the soil-fertilizer mix. 
The experimental design was a split plot (Lorenzen and Anderson, 1993). Constant 
densities (4 plants) of warm-season grasses were grown in the pots with various densities (0, 
4, 8 and 16 plants) of smooth bromegrass (treatments were 4:0, 4:4, 4:8, and 4:16) under two 
temperatures (30°C and 20°C) and clipping (cut and no cut) regimes (Table 9, Fig. 23). An 
additive design, by increasing plant densities of smooth bromegrass, was selected (Freckleton 
and Watkinson, 2000; Gibson et al., 1999). Seeds were germinated on blotting paper before 
being transplanted into the pots. Dead seedlings were replaced during the first week after 
planting. Plants were grown in two greenhouse rooms, on set for 30°C day/20°C night and 
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the other set for 20°C day/15°C night. These temperatures have been found to be optimal for 
C4 and C3 species, respectively (Nelson and Moser, 1994). Two cutting treatments (cut or no 
cut) were also included. 
Table 9. Planting densities of two warm-season grasses with increasing densities of cool-
season grasses. 
Planting density 
(No. of individuals) 
4:0 4:4 4:8 4:16 
Switchgrass 
only 
Switchgrass: 
Smooth brome 
Species combination Big bluestem Big bluestem: 
only Smooth brome 
Smooth 
brome only 
Switchgrass: 
Smooth brome 
Big bluestem: 
Smooth brome 
Switchgrass: 
Smooth 
brome 
Big bluestem: 
Smooth 
brome 
4:8 4:16 
Figure 23. Pot layout of constant densities of two warm-season grasses ( # ) with increasing 
densities of cool-season grasses ( • ). 
With the experiment in place, decisions were made to observe the resulting growth 
and competition with seasonal temperature changes. After seedlings were allowed to 
establish in the pots over a seven week period, cut treatments were clipped to a height of 10 
cm. Individual plants were harvested to soil level after seven weeks of regrowth after 
clipping. Pots from one temperature regime were then switched to the other temperature 
room. After another seven weeks of growth, all above-ground material was again removed. 
Tiller number and maximum tiller height were also recorded at each harvest. Relative 
competition intensity (Grace, 1995) was calculated to compare the competitive ability of the 
different species. Values closer to one indicate that the species was more affected by 
competition from the other species. Calculations for relative competition intensity were as 
follows: RCI = (Pmono - Pmix)/Pmono, where Pmono is plant performance in monoculture and 
Pmix is plant performance in mixture (Grace, 1995). Above-ground biomass on a per plant 
basis was used as an indicator of plant performance in this study. 
Supplementary measurements were collected on leaf area measurements (LI-3100C 
area meter, LI-COR* Biosciences, Lincoln, NE) for this study (Tables A20). Light capacity 
measurements were also recorded including Illuminance (IL), Photosynthetic Photon Flux 
Density (PPFD) or Photosynthetically Active Radiation (PAR), and Quantum Irradiance (QI) 
within 400-900 nm wavelengths (LI-190S A, LI-250A, LI-250SA, and LI-1400 light sensors 
and data logger, LI-CORa Biosciences, Lincoln, NE) (Tables A21-A22). 
Samples were dried at 60°C in a forced air oven for 48 hours and then weighed. For 
laboratory analysis, herbage material from each species from each pot was ground through a 
5-mm screen using a Wiley forage grinder (Arthur H. Thomas Company, Philadelphia, PA) 
and then ground with a UDY cyclone mill (UDY Manufacturing, Fort Collins, CO) to <1-
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mm. Carbon and N concentrations of the composite forage samples were determined using 
near infrared reflectance spectroscopy (NIRS) with a scanning monochromator (NIRS 
systems, Silver Springs, MD). Calibrations for NIRS analysis were developed on a subset of 
samples selected based on spectral properties (Marten et al., 1989). 
Calibration samples were analyzed to determine total nitrogen and carbon 
concentration on a dry matter basis. Analysis for carbon and nitrogen was done with a 
LECO CHN-2000 determinator (LECO Corporation, St. Joseph, Ml) to determine total 
nutrient concentrations (Iowa State University Soils Testing Laboratory, Ames, IA). 
Laboratory analysis for carbon and nitrogen of calibration sample set was used to create 
equations to predict carbon and nitrogen concentration for scanned NIRS samples (Marten et 
al., 1989). 
Statistical analysis of the data was completed using the general linear model 
procedure SAS± (Version 8.0, SAS Institute Inc., Cary, NC, 2002) programs (Tables A3 and 
A12). Significant differences noted are P<0.05 unless otherwise noted. Tukey's studentized 
range test for significant differences was used for multiple comparisons unless otherwise 
noted. The experiment was repeated at the same time of the year over two consecutive years. 
Results and Discussion 
This experiment was designed to study competition between warm- and cool-season 
grasses grown in pastures in western Iowa. There was no significance identified across 
years, the replication, for biomass, count, height or C : N ratio for this study. The following 
results will be reported with both years combined. 
One common method often used by farmers to regulate undesirable species is to mow 
this species to open up the canopy in order to allow desirable forage species to grow. A 
clipping treatment was added to this experiment to test this practice. There was not a 
significant effect of cutting treatments across any of the species for biomass (P=0.22), count 
(P=0.56), height (P=0.25), or C : N ratio (P=0.89). This observation suggested that clipping, 
or mowing a pasture, to allow growth of the preferred species would not result in the desired 
outcome and would not restrict growth of invasive plant populations. Therefore, there were 
other variables involved in the growth and competition between the focal and associate 
species in this study. 
Initially, there was not significant difference identified between the 20°C and 30°C 
temperature treatments for biomass (P=0.56), count (P=0.55), height (P=0.60) or C : N ratio 
(P=0.53). However, this analysis was conducted with focal and associate species combined. 
When focal and associate species were observed, a signficant distinction (PcO.OOOl) was 
identified between species for biomass, count, height, or C : N ratio. Thus, focal and 
associate species were analyzed separately. 
When taking species differences into consideration, temperature had a significant 
effect on the productivity of the species. Tiller weight for densities of smooth bromegrass, 
switchgrass and big bluestem are shown for temperature and cutting regimes (Figs. 23 and 
24; Table A23). For the warm-season species, more above-ground biomass was accumulated 
in the 30°C temperature greenhouse than in the 20°C. The reverse was true for smooth 
bromegrass. These results agreed with research involving a C3 species (Agropyron smithii) 
and a C4 species (Bouteloua gracilis) grown at similar temperatures, which showed that 
biomass for each species was accumulated faster in the optimum temperature treatment for 
that species (Boryslawski and Bentley, 1985). With the simulation of seasonal change by 
placing pots in the other temperature after the first harvest, big bluestem had similar biomass 
weight for the temperature and cutting regimes for the second harvest. Switchgrass in the 
20°C treatment, on the other hand, produced more biomass than smooth bromegrass or big 
bluestem when harvested and placed in the 30°C temperature to simulate seasonal change. 
Results indicated that switchgrass adapted to the change in temperature to produce biomass. 
Weight per plant for all species decreased with increasing density (Table 10). Tiller 
count and height, shown in Figures 26-29 (Tables A24 and A25), measurements followed the 
same trend as biomass with lower values for warm-season grasses with increasing density of 
smooth bromegrass. However, the focus is on the amount of smooth bromegrass weight per 
plant in comparison to the warm-season grasses. Generally, more biomass per plant was 
harvested from the smooth bromegrass plants at higher planting densities than the warm-
season grasses. This was especially true in the 20°C temperature regime, the optimum 
temperature regime for cool-season grass growth (Buxton and Fales, 1994). Yet, switchgrass 
showed average weights that were slightly more than smooth bromegrass and big bluestem 
for the no cut 30°C treatment at higher densities (4:8 and 4:16). Research showed a decrease 
in yield and carbohydrates for switchgrass regrowth after cutting (Anderson et al., 1989). 
Although there was not a significant effect found for the clipping regime, Anderson's 
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Figure 24. Tiller weight on a per plant basis for three grass species grown at various 
densities under different temperatures and clipping regimes after the first harvest (seven 
week intervals of growth for harvests). 
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Figure 25. Tiller weight on a per plant basis for three grass species grown at various 
densities under different temperatures and clipping regimes after the first harvest (seven 
week intervals of growth for harvests). 
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Table 10. Harvest weight on a per plant basis for three grass species grown at various 
densities under different temperatures and clipping regimes (with seven week intervals for 
harvests). 
Harvest Temperature Cut Density Smooth brome Switchgrass Big bluestem 
-- (g/plant)— 
1 20°C Cut 0 5.87 1.26 0.35 
4 6.39 0.28 0.11 
8 3.41 0.16 0.05 
16 1.99 0.07 0.03 
No cut 0 11.67 7.10 4.81 
4 11.47 2.68 1.28 
8 5.90 1.97 0.86 
16 3.29 1.47 0.50 
30°C Cut 0 180 7.06 2.40 
4 162 2.31 1.52 
8 2.13 2.21 0.94 
16 1.21 1.74 0.53 
No cut 0 10.10 18.99 4.91 
4 5.87 8.49 3.21 
8 4.66 7.84 1.16 
16 2.46 4.52 0.38 
2 20°C Cut 0 6.46 7.83 1.72 
4 6.76 0.36 0.25 
8 156 0.31 0.06 
16 2.04 0.09 0.02 
No cut 0 7.72 9.20 2.12 
4 8.13 0.36 0.05 
8 4.12 0.17 0.03 
16 1.97 0.08 0.01 
30°C Cut 0 7.24 5.97 1.22 
4 6.89 0.87 0.23 
8 3.58 0.83 0.15 
16 1.80 0.42 0.06 
No cut 0 8.13 8.40 127 
4 7.19 1.57 0.23 
8 3.87 1.40 0.09 
16 1.84 1.12 0.03 
Standard errors of means averaged over both harvests, both temperatures and both cut 
regimes for smooth brome, switchgrass, and big bluestem: 0.31, 0.42, 0.20; means averaged 
over harvests: 0.31; means averaged over temperature and cut regimes: 2.79; means averaged 
over density: density of 0: 0.80, for densities 4, 8, and 16: 0.57. 
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Figure 26. Tiller number on a per plant basis for three grass species grown at various 
densities under different temperatures and clipping regimes after the first harvest (seven 
weeks of growth). 
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Figure 27. Tiller number on a per plant basis for three grass species grown at various 
densities under different temperatures and clipping regimes after the second harvest (seven 
week intervals of growth for harvests). 
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Figure 28. Tiller height on a per plant basis for three grass species grown at various densities 
under different temperatures and clipping regimes after the first harvest (seven week intervals 
of growth for harvests). 
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Figure 29. Tiller height on a per plant basis for three grass species grown at various densities 
under different temperatures and clipping regimes after the second harvest (seven week 
intervals of growth for harvests). 
research suggested a significant difference in yield for the year following the clipping. In 
future replications of this study, the project should not only be repeated in a pasture setting 
but over more than one year's growth as well. 
Results suggested that switchgrass was able to maintain biomass in competition with 
smooth bromegrass when plants were grown in warmer temperatures and had not been 
clipped, but the differences between biomass of switchgrass and smooth bromegrass in the no 
cut 30°C regime were negligible. As a general trend, above-ground biomass per plant was 
highest for smooth bromegrass across all temperature and cutting regimes (1.21-11.67 g). 
Above-ground biomass per plant was lowest for big bluestem across all temperature and 
cutting regimes (0.01-4.81 g). Weight per plant decreased for all species with increasing 
plant density indicating a level of competition between plant species. Smooth bromegrass 
appeared to handle increasing plant densities better than switchgrass and big bluestem. 
Contrast comparisons revealed significant differences (PcO.OOOl) between 
monoculture (control) and the highest density (4:16) treatments for biomass, tiller count, 
tiller height and C : N ratio. This agrees with research done with different populations of 
Trifolium incarnatum and Lolium multiflorum, in which density of monoculture was more 
substantial than densities of other species added in mixed populations (Weiner, 1980). 
Likewise, competition between plants was greater if the neighboring plant was a different 
species (Gurevitch et al., 1990). 
Harvested samples were analyzed for C and N concentrations (Figs. 30 and 31; Table 
A27). Higher C: N ratios were found in big bluestem and switchgrass than smooth 
bromegrass over all treatments. This agrees with previous research findings, higher C : N 
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Figure 30. Carbon:nitrogen ratios for three grass species grown at various densities under 
different temperatures and clipping regimes after the first harvest (seven week intervals of 
growth for harvests). 
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Figure 31. Carbon:nitrogen ratios for three grass species grown at various densities under 
different temperatures and clipping regimes after the second harvest (seven week intervals of 
growth for harvests). 
ratios were identified in C4 species in comparison to C3 species (White et al., 2001b). For 
both harvests, C : N ratios for smooth bromegrass were relatively steady across all 
temperature and cutting regimes. Consistency of smooth bromegrass for C : N ratios may 
provide clues into the competitive ability of this cool-season grass. 
From the relative competition index values, smooth bromegrass was less affected by 
competition than were big bluestem and switchgrass under all densities, temperatures, and 
cutting treatments (Figs. 32-39; Table A26). With values ranging from 0.78 to 0.98 for 
warm-season grasses in the 20°C temperature, smooth bromegrass (index values ranging 
from 0.66 to 0.74) was much more competitive in this temperature than the warm-season 
grasses. Overall, the competition intensity was lower for the warm-season grasses in the 
30°C temperature compared to the 20°C temperature for the first harvest. For the first 
harvest, there was a significant difference (P < 0.05) between the 20°C temperature and the 
30°C temperature for competition intensity. Focusing on the 4:16 planting density for both 
clipping regimes at the 30°C temperature, switchgrass was less affected by competition than 
big bluestem. In species selection for mixed grass pasture, these results suggest that 
switchgrass may be a better choice than big bluestem when competing with higher planting 
densities of smooth bromegrass and grown at a 30°C temperature. 
Relative competitive intensity values for second harvest across all planting densities 
and all temperature and cutting regimes were comparatively consistent for big bluestem and 
switchgrass (Figs. 36-39). With all values ranging from 0.8 to 1.0, indications are that 
smooth bromegrass competition affected growth of both species of warm-season grass after a 
harvest. As observed in many pasture mixtures, smooth bromegrass was competitive with 
warm-season grasses in a variety of growing conditions, even at warmer temperatures 
optimum for warm-season grass growth. 
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Figure 32. Relative competition index between various densities of warm-season and cool-
season grasses grown in 20°C temperature with a clipping regime after the first harvest 
(seven week intervals of growth for harvests). 
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Figure 33. Relative competition index between various densities of warm-season and cool-
season grasses grown in 20°C temperature with no clipping regime after the first harvest 
(seven week intervals of growth for harvests). 
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Figure 34. Relative competition index between various densities of warm-season and cool-
season grasses grown in 30°C temperature with a clipping regime after the first harvest 
(seven week intervals of growth for harvests). 
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Figure 35. Relative competition index between various densities of warm-season and cool-
season grasses grown in 30°C temperature with no clipping regime after the first harvest 
(seven week intervals of growth for harvests). 
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Figure 36. Relative competition index between various densities of warm-season and cool-
season grasses grown in 20°C temperature for seven weeks, harvested, and allowed to regrow 
in a 30°C temperature for another seven weeks with a clipping regime. 
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Figure 37. Relative competition index between various densities of warm-season and cool-
season grasses grown in 20°C temperature for seven weeks, harvested, and allowed to regrow 
in a 30°C temperature for another seven weeks with no clipping regime. 
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Figure 38. Relative competition index between various densities of warm-season and cool-
season grasses grown in 30°C temperature for seven weeks, harvested, and allowed to regrow 
in a 20°C temperature for another seven weeks with a clipping regime. 
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Figure 39. Relative competition index between various densities of warm-season and cool-
season grasses grown in 30°C temperature for seven weeks, harvested, and allowed to regrow 
in a 20°C temperature for another seven weeks with no clipping regime. 
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Although this project was conducted in a greenhouse environment, results lead to an 
understanding of plant interactions that occur in the field too. The next steps for this research 
should include legume species and a repeat of the experiment in field situations under 
grazing treatments to gain more knowledge of the competitive relationships between cool-
and warm-season grasses in pastures. Dyer et al. (2000) suggested that competitiveness of a 
perennial grass species was found as early as emergence when planted in competitive 
communities. Reader et al. (1994) found little relationship between competition intensity and 
neighbor biomass, but neighbor competition may influence a wide range of productivity 
across entire sites. 
In conclusion, this study provided insight into competitive interactions between 
warm-season and cool-season grasses as affected by temperature, density, and clipping 
treatments. Smooth bromegrass was competitive in relation to big bluestem and switchgrass 
planted at various densities, with cutting treatments under different temperatures. There was 
not a significant effect identified for cutting treatments for any plant species. Significant 
species differences were identified for smooth bromegrass, switchgrass, and big bluestem for 
biomass, count, height, or C : N ratio. Effects of temperature on plant productivity were 
dependent on species. For example, more biomass was accumulated in the 30°C temperature 
treatment than in the 20°C for warm-season grasses and vice versa for smooth bromegrass. 
Weight per plant for all species decreased with increasing density; tiller count and 
height followed the same trend. Smooth bromegrass yielded more biomass per plant at 
higher planting densities than the warm-season grasses. Contrast comparisons revealed 
significant differences between monoculture (control) and the highest density (4:16) 
treatments for biomass, tiller count, tiller height and C : N ratio. 
Relative competition intensity was calculated to compare the competitive ability of 
the grasses to accumulate biomass. For all densities, temperatures, and cutting treatments, 
smooth bromegrass was less affected by competition than were big bluestem and 
switchgrass. Competitiveness of smooth bromegrass showed the importance of controlling 
invasion into warm-season grass pastures or modifying pasture management to include the 
persistent species. This investigation will aid in comprehension of complex competitive 
interactions between warm-season and cool-season grasses as affected by temperature, 
density, and clipping treatments and aid in development of management strategies to 
maximize production in pure or mixed pastures. 
106 
References 
Anderson, B., A.G. Matches, and C.J. Nelson. 1989. Carbohydrate reserves and tillering of 
switchgrass following clipping. Agronomy Journal 81:13-16. 
Anten, N.P.R., and T. Hirose. 1999. Interspecific differences in above-ground growth 
patterns result in spatial and temporal partitioning of light among species in a tall-
grass meadow. Journal of Ecology 87:583-597. 
Austin, M.P., L.F.M. Fresco, A.O. Nicholls, R.H. Groves, and P.E. Kaye. 1988. Competition 
and relative yield: estimation and interpretation at different densities and under 
various nutrient concentrations using Silybum marianum and Cirsium vulgare. 
Journal of Ecology 76:157-171. 
Beuselinck, P R., D.A. Sleper, S.S. Bughrara, and C.A. Roberts. 1992. Effect of mono and 
mixed culture of tall fescue and birdsfoot trefoil on yield and quality. Agronomy 
Journal 84:133-137. 
Boryslawski, Z., and B.L. Bentley. 1985. The effect of nitrogen and clipping on interference 
between C3 and C4 grasses. Journal of Ecology 73:113-121. 
Brown, C.S., and K.J. Rice. 2000. The mark of Zorro: Effects of the exotic annual grass 
Vulpia myuros on California native perennial grasses. Restoration Ecology 8:10-17. 
Bullock, J.M., B. Clear Hill, and J. Silvertown. 1994. Tiller dynamics of two grasses -
responses to grazing, density and weather. Journal of Ecology 82:331-340. 
Buxton, D R., and S.L. Fales. 1994. Plant environment and quality, p. 155-199, In J. Fahey, 
G. C., ed. Forage Quality, Evaluation, and Utilization. American Society of 
Agronomy, Inc., Madison, WI. 
Campbell, B.D., and D.Y. Hunt. 2001. Global climate change effects on competition and 
succession in pastures, In A. Lazenby, ed. Competition and succession in pastures. 
CAB International Publishing, London, UK. 
Campbell, B.D., J.P. Grime, J.M. Mackey, and A. Jalili. 1991. The quest for a mechanistic 
understanding of resource competition in plant communities: the role of experiments. 
Functional Ecology 5:241-253. 
Carlassare, M., and H.D. Karsten. 2003. Species population dynamics in a mixed pasture 
under two rotational sward grazing height regimes. Agronomy Journal 95:844-854. 
Dyer, A.R., A. Fenech, and K.J. Rice. 2000. Accelerated seedling emergence in interspecific 
competitive neighbourhoods. Ecology Letters 3:523-529. 
107 
Freckleton, R.P., and A.R. Watkinson. 2000. Designs for greenhouse studies of interactions 
between plants: an analytical perspective. Journal of Ecology 88:386-391. 
Gibson, D.J., J. Connolly, D C. Hartnett, and J.D. Weidenhamer. 1999. Designs for 
greenhouse studies of interactions between plants. Journal of Ecology 87:1-16. 
Grace, J.B. 1995. On the measurement of plant competition intensity. Ecology 76:305-308. 
Gurevitch, J., P. Wilson, J.L. Stone, P. Teese, and R.J. Stoutenburgh. 1990. Competition 
among old-field perennials at different levels of soil fertility and available space. 
Journal of Ecology 78:727-744. 
Hartnett, D C., B A D. Hetrick, G.W.T. Wilson, and D.J. Gibson. 1993. Mycorrhizal 
influence on intra- and interspecific neighbor interactions among co-occurring prairie 
grasses. Journal of Ecology 81:787-795. 
Kemp, D R., and W.M. King. 2001. Plant competition in pastures - implications for 
management, p. 85-101, In A. Lazenby, ed. Competition and succession in pastures. 
CAB International, New York, NY. 
Kleijn, D. 2003. Can establishment characteristics explain the poor colonization success of 
late successional grassland species on ex-arable land? Restoration Ecology 11:131-
138. 
Lavorel, S., A.-H. Prieur-Richard, and K. Grigulis. 1999. Invasibility and diversity of plant 
communities: from patterns to processes. Diversity and Distributions 5:41-49. 
Lazenby, A., and P.G. Tow. 2001. Some concluding comments, p. 305-314, In A. Lazenby, 
ed. Competition and succession in pastures. CAB International, New York, NY. 
Lorenzen, T.L., and V.L. Anderson. 1993. Design of experiments: a no-name approach 
Marcel Dekker, Inc., New York, New York. 
Marten, G.C., J.S. Shenk, and F.E. Barton, II. 1989. Near infrared reflectance spectroscopy 
(NIRS): analysis of forage quality. Agriculture Handbook Washington:! 10 pp. 
Moser, L.E., and C.S. Hoveland. 1996. Cool-season grass overview, p. 1-13, In J. M. 
Bigham, ed. Cool-season forage grasses, Vol. 34. American Society of Agronomy, 
Inc.; Crop Science Society of America, Inc.; Soil Science Society of America, Inc., 
Madison, Wisconsin. 
Nelson, C.J., and L.E. Moser. 1994. Plant factors affecting forage quality, p. 115-154, In J. 
Fahey, G. C., ed. Forage Quality, Evaluation, and Utilization. American Society of 
Agronomy, Inc., Madison, WI. 
108 
Nurjaya, I.M.O., and P.G. Tow. 2001. Genotype and environmental adaptation as regulators 
of competitiveness, p. 43-61, In A. Lazenby, ed. Competition and succession in 
pastures. CAB International, New York, NY. 
Pearcy, R.W., and J. Ehleringer. 1984. Comparative ecophysiology of C3 and C4 plants. 
Plant, Cell and Environment 7:1-13. 
Peltzer, D.A., and M. Kochy. 2001. Competitive effects of grasses and woody plants in 
mixed-grass prairie. Journal of Ecology 89:519-527. 
Rajaniemi, T.K. 2002. Why does fertilization reduce plant species diversity? Testing three 
competition-based hypotheses. Journal of Ecology 90:316-324. 
Reader, R.J., S.D. Wilson, J.W. Belcher, I. Wisheu, P.A. Keddy, D. Tilman, E C. Morris, J.B. 
Grace, J.B. McGraw, H. Olff, R. Turkington, E. Klein, Y. Leung, B. Shipley, R. Van 
Hulst, M.E. Johansson, C. Nilsson, J. Gurevitch, K. Grigulis, and B E. Beisner. 1994. 
Plant competition in relation to neighbor biomass: an intercontinental study with Poa 
pratensis. Ecology 75:1753-1760. 
Reich, P.B., D. Tilman, J. Craine, D. Ellsworth, M.G. Tjeolker, J. Knops, D. Wedin, S. 
Naeem, D. Bahuddin, J. Goth, W. Bengtson, and T.D. Lee. 2001. Do species and 
functional groups differ in acquisition and use of C, N and water under varying 
atmospheric C02 and N availability regimes? A field test with 16 grassland species. 
New Phytologist 150:435-448. 
Schwinning, S., and A.J. Parsons. 1996a. A spatially explicit population model of 
stoloniferous N-fixing legumes in mixed pasture with grass. Journal of Ecology 
84:815-826. 
Schwinning, S., and A.J. Parsons. 1996b. Analysis of the coexistence mechanisms for grasses 
and legumes in grazing systems. Journal of Ecology 84:799-813. 
Singer, J.W. 2002. Species and nitrogen effect on growth rate, tiller density, and botanical 
composition in grass hay production. Crop Science 42:208-214. 
Tilman, D. 1993. Species richness of experimental productivity gradients: how important is 
colonization limitation? Ecology 74:2179-2191. 
Tow, P.G., and A. Lazenby. 2001. Competition and succession in pastures - some concepts 
and questions, p. 1-13, In A. Lazenby, ed. Competition and succession in pastures. 
CAB International, New York, NY. 
Weiner, J. 1980. The effects of plant density, species proportion and potassium-phosphorus 
fertilization on interference between Trifolium incamatum and Lolium multiflorum 
with limited nitrogen supply. Journal of Ecology 68:969-979. 
109 
White, T.A., B.D. Campbell, and P.D. Kemp. 2001a. Laboratory screening of the juvenile 
responses of grassland species to warm temperature pulses and water deficits to 
predict invasiveness. Functional Ecology 15:103-112. 
White, T.A., B.D. Campbell, P.D. Kemp, and C.L. Hunt. 2001b. Impacts of extreme climatic 
events on competition during grassland invasions. Global Change Biology 7:1-13. 
Xiong, S., and C. Nilsson. 1999. The effects of plant litter on vegetation: a meta-analysis. 
Journal of Ecology 87:984-994. 
110 
CHAPTER 4. OVERALL CONCLUSIONS 
Conclusion 
Uneven seasonal distribution of forage in cool-season pasture productivity makes it 
sensible to use native warm-season grasses to supply forage growth during the summer. The 
objective of this research was to determine if adding legumes to warm-season grass pastures 
would improve the quality and productivity of switchgrass and big bluestem pastures. 
Established warm-season grass pastures of both species located in western Iowa were 
interseeded with a complex mixture of legumes to support livestock production in summer. 
Forage quality factors indicated that grass/legume pastures were higher in crude protein and 
digestibility than grass alone. Cattle gains for all years of the study, however, did not reflect 
these results. Although forage quality indicated that cattle gains should have increased 
across all years for legume treatments, one must also consider that cattle exhibit preferences 
while grazing. Forage selectivity by cattle in this study could explain differences between 
expected and actual animal gains. Differences between gains for grass only and 
grass/legume treatments were significant for 2001 and 2002. 
Observations were made of a large amount of cool-season grass presence in the 
pastures. Due to an invasion of cool-season grass into the warm-season grass pastures, 
pasture communities and qualities were not consistent over years. It was noted that more 
intensive pasture management for these pastures would enhance control of cool-season grass. 
Despite cool-season grass invasion into warm-season grass pastures, warm-season grass 
pasture communities can be improved with legumes with proper management. 
Establishment of legumes in warm-season grass pastures was possible. However, 
cool-season grass invasion of warm-season grass pastures was a challenge. Cool-season 
grasses should either be controlled or utilized as a forage resource in warm-season grass 
pastures. Management strategies, such as burning, to maintain warm-season grass pastures, 
were not possible in this study because of the presence of legumes. Quality of available 
forage was improved in legume/grass mixtures compared to grass only. Because of the 
relatively good establishment of the legumes in the pastures and the improvement in forage 
quality, results indicated that enhanced pasture productivity should be possible. 
Research focus shifted to understanding spatial and competitive relationships between 
the species in the field and in a greenhouse setting. Spatial relationships were identified 
specific to species and across landscape position. This data can be used to develop site-
specific strategies for legume establishment and overall pasture management. Spatial 
variation of species composition was studied in relation to soil characteristics and landscape 
position. Previous research indicated that legume populations were associated with specific 
landscape positions. Results for the western Iowa pastures illustrated significant 
relationships between specific legume species and soil and landscape position. Relationships 
along landscape positions indicated grass growth concentrated on summit positions and 
legume growth on sideslope positions would aid in site-specific pasture management 
techniques. Therefore, site-specific management for particular species across landscape 
positions would be possible. 
A competition study conducted in the greenhouse indicated that temperature and 
density were factors in competition among cool- and warm-season grasses. Smooth 
bromegrass showed a high level of competition in both cool and warm temperature 
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treatments, explaining a possible reason for the invasion and competition that was observed 
in the pastures. Invasion of established warm-season grass pastures by cool-season grass 
species can be difficult to manage and control. Understanding competition among these 
species should allow producers to improve management to eliminate or reduce cool-season 
invasion of warm-season pastures. Observations made of warm-season grass pastures 
(described in previous chapter) showed that invasive cool-season grasses made up a high 
percentage of species composition across all pastures. Due to the presence of legumes, 
burning cannot be used as a means to maintain warm-season grasses dominant over cool-
season grass because legumes perish after burning. Thus, effective pasture management 
required a refined understanding of competition between the grasses was needed. A 
competition study was conducted in the greenhouse between two native warm-season 
grasses, switchgrass and big bluestem, and a cool-season grass, smooth bromegrass. 
Constant densities (4 plants) of warm-season grasses were grown with various densities (0, 4, 
8 and 16 plants) of smooth bromegrass (treatments were 4:0, 4:4, 4:8, and 4:16) under two 
temperatures (30°C and 20°C) and clipping (cut and no cut) regimes. 
Smooth bromegrass was less affected by competition than the warm-season grasses, 
which was as expected from previous observations in the field. Significant species 
differences were identified for biomass, count, height, or C : N ratio. Weight, tiller count and 
tiller height per plant for all species decreased with increasing density. Smooth bromegrass 
yielded more biomass per plant at higher planting densities than the warm-season grasses. 
Contrast comparisons revealed significant differences between monoculture (control) and the 
highest density (4:16) treatments for biomass, tiller count, tiller height and C : N ratio. 
Relative competition intensity was calculated to compare the competitive ability of the 
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grasses to accumulate biomass. For all densities, temperatures, and cutting treatments, big 
bluestem and switchgrass were more affected by competition than smooth bromegrass. 
Density of the associate species (smooth bromegrass) and temperature affected 
production of both switchgrass and big bluestem. Overall, warm-season grass growth was 
affected by temperature and by the density of cool-season grass. Smooth bromegrass can 
provide forage during the cool months, but it is essential to maintain control over populations 
to allow for warm-season grass production during the summer months. Combination 
pastures of warm- and cool-season species can be beneficial and productive throughout the 
grazing season only if management techniques must include confined growth of all forage 
species. Competitiveness of smooth bromegrass showed the importance of controlling 
invasion into warm-season grass pastures or modifying pasture management to include the 
persistent species. This investigation will aid in comprehension of complex competitive 
interactions between warm-season and cool-season grasses as affected by temperature, 
density, and clipping treatments and aid in development of management strategies to 
maximize production in pure or mixed pastures. 
Complexity of pasture mixtures and diverse characteristics of plant species lend well 
to co-existence and competition between and among plant species. Various growth patterns 
due to growth habit, species morphology, and seasonal distribution allow some species to co­
exist with proper pasture management. In some cases, mixtures are fundamental even with 
existing competition. Management requires an understanding of competition and co­
existence of species and frequently requires a decision to maximize productivity of a specific 
species, or group of species, in the mixture. Understanding complexity of plant competition 
and pasture management in order to maintain desired productivity and species is challenging. 
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Producers can make management decisions that promote productivity of plant species and 
allow competing plant species to co-exist. In this study, smooth bromegrass was persistent 
and competitive in the field and in the greenhouse. Recommendations for producers would 
be to select species best adapted to growth in the existing environment, manage forages 
accordingly, and maximize productivity by understanding inter- and intra-species 
relationships. In other words, if smooth bromegrass was persistent, management techniques 
should include this species, whether in monoculture or in mixtures. With a persistent 
invasion of cool-season grass species providing forage, future research should include 
combinations and management of cool-season and warm-season grasses and legumes and 
animal preference or selectivity of forage consumed. 
Overall, the results showed a snapshot of the complexity in pasture systems and 
indicated the importance of understanding the dynamics that must be considered in site-
specific management of pastures for livestock production. In other words, we must 
understand that land and its resources are a community that humans are members. We must 
take responsibility for our actions and become good stewards of the land to make it 
sustainable for the future. In this case, this means either emphasizing or controlling a cool-
season grass that was introduced into native Iowa prairies by European settlers long ago. 
APPENDIX 
Table Al. List of all species identified in pastures. 
Scientific name Common name 
Medicago sativa L. alfalfa 
Echinochloa crusgalli barnyard grass 
Andropogon gerardii Vitman, cv. Roundtree big bluestem 
Lotus corniculatus L. birdsfoot trefoil 
Rudbeckia hirta black-eyed susan 
Plantago rugelii Blackseed plantain 
Plantago lanceolata buckhorn plantain 
Solanum carolinense bullnettle or horsenettle 
Cirsium arvense Canada thistle 
Nepeta cataria L. catnip 
Astragalus cicer L. cicer milkvetch 
Physalis heterophylla clammy groundcherry 
Polygonum arenastrum common knotweed 
Chenopodium album common lambsquarters 
Asclepias syriaca common milkweed 
Verbascum thapsus common mullein 
Phytolacca americana common pokeweed 
Portulaca oleracea common purslane 
Sonchus oleraceus common sowthistle 
Coronilla varia L. crownvetch 
Rumex crispis curly dock 
Erigeron strigosus daisy fleabane 
Paspalum dilatatum dallisgrass 
Taraxacum officinale dandelion 
Bromus tectorum downy brome 
Solanum ptycanthum Eastern blacknightshade 
Convolvulus arvensis field bindweed 
Thlaspi arvense field pennycress 
Setaria faberi giant foxtail 
Ambrosia trifida giant ragweed 
Solidago spp. goldenrod 
Eleusine indica goosegrass 
Setaria glauca green foxtail 
Vicia villosa Roth hairy vetch 
Calystegia sepium hedge bindweed 
Apocynum canabinum hemp dogbane 
Al (cont'd). List of all species identified in pastures. 
Scientific name Common name 
Conyza canadensis horseweed 
Sorghum halepense johnsongrass 
Poa pratensis Kentucky bluegrass 
Trifolium ambigum Bieb kura clover 
Digitaria sanguinalis large crabgrass 
Malva neglecta mallow spp. 
Cannabis sativa marijuana 
Lamiaceae family mint spp. 
Carduus nutans musk thistle 
Cyperus spp. nutsedge spp. 
Dactylis glomerata orchardgrass 
Polygonum pensylvanicum Pensylvania smartweed 
Amaranthus spp. pigweed spp. 
Lactuca serriola prickly lettuce 
Euphorbia humistrata prostrate spurge 
Agropyron repens quackgrass 
Trifolium pratense red clover 
Rumex acetosella red sorrel 
Phalaris arundinacea reed canarygrass 
Capsella bursa-pastoris shepherdspurse 
Bromus inermis smooth bromegrass 
Digitaria ischaemum smooth crabgrass 
Urtica dioica stinging nettle 
Melilotus alba Medic sweetclover 
Melilotus officinalis (L.) Pall sweetclover 
Panicum virgatum L., cv. Cave-in-Rock switchgrass 
Festuca arundinacea tall fescue 
Asteraceae spp. thistle spp. 
Abutilon theophrasti velvetleaf 
Physalis virginiana Virginia groundcherry 
Lepidium virginicum Virginia pepperweed 
Trifolium repens L. white clover 
Aster ericoides white heath aster 
Polygonum convolvulus wild buckwheat 
Brassica kaber wild mustard 
Croton capitatus woolly croton 
Al (cont'd). List of all species identified in pastures. 
Scientific name Common name 
Setaria viridis yellow foxtail 
Tragopogon dubius yellow goatsbeard 
Barbarea vulgaris yellow rocket 
Oxalis stricta yellow woodsorrel 
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Table A2. Basic statistical program used in SAS for analyzing factors involved in pasture 
study. 
proc glm; 
class yield harvest blk trt year cp ivdmd ndf adf lig leg cool warm; 
model yield adg cp ivdmd ndf adf lig leg cool warm = year blk(year) trt year*trt 
trt*blk(year) harvest year*harvest trt*harvest year*trt*harvest; 
random blk(year) trt*blk(year); 
test h=year e=blk(year); 
test h=trt year*trt e=trt*blk(year); 
means year / lsd e=blk(year); 
means trt year*trt/ lsd e=trt*blk(year); 
means harvest year*harvest trt*harvest year*trt*harvest / lsd; 
run; 
t Additional statements, such as proc mixed and contrast, were used where appropriate. 
Table A3. Basic statistical program used in SAS for analyzing factors involved in 
greenhouse study. 
proc glm; 
class YHBTCDRS count height weight ratio; 
model count height weight ratio = Y B(Y) T T*Y T*B(Y) H Y*H H*B(Y) H*T Y*H*T 
H*T*B(Y); 
test h=Y e=B(Y); 
test h=T Y*T e=T*B(Y); 
test h=H Y*H e=H*B(Y); 
test h=T*H Y*T*H e=T*H*B(Y); 
test h=T*B(Y) H*B(Y) e=T*H*B(Y); 
means Y / lsd e=B(Y); 
means T Y*T / lsd e=T*B(Y); 
means H Y*H / lsd e=H*B(Y); 
run; 
t Additional statements, such as proc mixed and contrast, were used where appropriate. 
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Table A4. Analysis of Variance for average daily gain of cattle. 
Source DF Sums of Squares Mean Square Pr>F 
trt 3 0.04002924 0.01334308 0.6283 
year 3 3.24445272 1.08148424 0.0001 
year*trt 9 0.46351314 0.05150146 0.0244 
f Due to the significance of the year factor, years were analyzed separately for this factor. 
Table A5. Analysis of Variance for plant biomass. 
Source DF Sums of Squares Mean Square Pr>F 
year 2 116443684.1 58221842.0 0.0001 
blk(year) 3 1961318.3 653772.8 0.4465 
trt 2 4332753.2 2166376.6 0.0544 
year* trt 4 769459.1 192364.8 0.9019 
harvest 5 174509288.6 34901857.7 0.0001 
year*harvest 9 97699687.2 10855520.8 0.0001 
trt*harvest 15 10983771.2 732251.4 0.4583 
year*trt*harvest 27 10766717.8 398767.3 0.9690 
t Due to the significance of the year factor, years were analyzed separately for this factor. 
Table A6. Analysis of Variance for species composition. 
Species Source DF Sums of Squares Mean Square Pr>F 
Legume trt 3 3393158.698 1131052.899 0.0001 
Cool-season grass trt 3 1234117.654 411372.551 0.0001 
Warm-season grass trt 3 516633.155 172211.052 0.0001 
t Each species was analyzed separately. 
Table A7. Analysis of Variance for forage quality factor of crude protein. 
Source DF Sums of Squares Mean Square Pr>F 
Year 2 14.276365 7.138183 0.3684 
blk(year) 3 4.661087 1.553696 0.8835 
Trt 2 1624.813691 812.406846 0.0001 
year*trt 4 66.901170 16.725292 0.0554 
harvest 5 120.794641 24.158928 0.0057 
year*harvest 9 175.013716 19.445968 0.0049 
trt*harvest 15 191.231808 12.748787 0.0376 
year*trt*harvest 27 189.732714 7.027138 0.4872 
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Table A8. Analysis of Variance for forage quality factor of in vitro dry matter digestibility. 
Source DF Sums of Squares Mean Square Pr>F 
year 2 3102.715306 1551.357653 0.0001 
blk(year) 3 18.137180 6.045727 0.6691 
trt 2 458.397750 229.198875 0.0001 
year*trt 4 70.468279 17.617070 0.1992 
harvest 5 5773.429028 1154.685806 0.0001 
year*harvest 9 725.772948 80.641439 0.0001 
trt*harvest 15 438.174036 29.211602 0.0020 
year*trt*harvest 27 181.367329 6.717308 0.9542 
t Due to the significance of the year factor, years were analyzed separately for this factor. 
Table A9. Analysis of Variance for forage quality factor of neutral detergent fiber. 
Source DF Sums of Squares Mean Square Pr>F 
year 2 0.2570706 0.1285353 0.8633 
blk(year) 3 1.8421477 0.6140492 0.5515 
trt 2 395.8204160 197.9102080 0.0001 
year*trt 4 17.8153283 4.4538321 0.0006 
harvest 5 73.3006966 14.6601393 0.0001 
year*harvest 9 16.3266399 1.8140711 0.0332 
trt*harvest 15 9.1153332 0.6076889 0.7876 
year*trt*harvest 27 27.8918091 1.0330300 0.2540 
Table A10. Analysis of Variance for forage quality factor of acid detergent fiber. 
Source DF Sums of Squares Mean Square Pr>F 
year 2 188.5925934 94.2962967 0.0001 
blk(year) 3 7.0145367 2.3381789 0.7670 
trt 2 149.1517728 74.5758864 0.0001 
year*trt 4 46.3710812 11.5927703 0.1139 
harvest 5 699.4439879 139.8887976 0.0001 
year*harvest 9 277.6628442 30.8514271 0.0001 
trt*harvest 15 135.5854570 9.0390305 0.1182 
year*trt*harvest 27 104.4116182 3.8670970 0.9232 
t Due to the significance of the year factor, years were analyzed separately for this factor. 
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Table All. Analysis of Variance for forage quality factor of lignin. 
Source DF Sums of Squares Mean Square Pr>F 
year 2 0.2570706 0.1285353 0.8633 
blk(year) 3 1.8421477 0.6140492 0.5515 
trt 2 395.8204160 197.9102080 0.0001 
year* trt 4 17.8153283 4.4538321 0.0006 
harvest 5 73.3006966 14.6601393 0.0001 
year*harvest 9 16.3266399 1.8140711 0.0332 
trt*harvest 15 9.1153332 0.6076889 0.7876 
year*trt*harvest 27 27.8918091 1.0330300 0.2540 
Table A12. Analysis of Variance for grass competition using above-ground biomass in 
greenhouse study. 
Source DF Sums of Squares Mean Square Pr>F 
year 1 0.707937 0.707937 0.8083 
Blk(year) 6 66.100190 11.016698 0.6766 
Trt 8 1195.901024 149.487628 0.0001 
year*trt 8 30.976582 3.872073 0.5603 
Blk*trt(year) 48 217.400170 4.529170 0.6869 
Harvest 1 159.729010 159.729010 0.0005 
Year*harvest 1 11.990257 11.990257 0.1107 
harvest*blk(year) 6 20.581515 3.430253 0.6840 
harvest*trt 8 32.310369 4.038796 0.6272 
year*harvest*trt 8 9.840758 1.230095 0.9821 
harvest*blk*trt(year) 48 250.425049 5.217189 0.9993 
t Further analysis included contrast statements for factor comparisons. 
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Table A13. Calibration statistics of near-infrared spectroscopy equations developed for crude 
protein (CP), in vitro dry matter digestibility (IVDMD), nutrient detergent fiber (NDF), acid 
detergent fiber (ADF), and lignin (LIG) for samples collected in grazing study. Equations 
were developed using the 2,5,5,1 math treatment and SNV and detrend scatter correction and 
256 wavelengths without downweighting. 
Variable N Terms Mean SD SEC R2 SECV 1-VR 
CP 167 9 12.49 5.34 0.35 1.00 0.47 0.99 
IVDMD 171 9 56.90 8.01 1.27 0.98 1.57 0.96 
NDF 165 9 56.37 10.03 0.85 0.99 1.16 0.99 
ADF 164 9 33.07 4.14 0.65 0.98 0.83 0.96 
LIG 162 9 4.17 2.05 0.25 0.99 0.32 0.98 
t N = number of samples used for calibration; SEC = standard error of calibration; SECV 
standard error of cross validation. 
Table A14. Calibration statistics of near-infrared spectroscopy equations developed for crude 
protein (CP) and carbon for grass samples collected in greenhouse study. Equations were 
developed using the 2,5,5,1 math treatment and SNV and detrend scatter correction and 256 
wavelengths without downweighting. 
Variable N Terms Mean SD SEC R2 SECV 1-VR 
CP 76 9 12.15 4.91 0.34 1.00 0.66 0.98 
Carbon 76 6 42.65 0.71 0.20 0.92 0.30 0.82 
t N = number of samples used for calibration; SEC = standard error of calibration; SECV = 
standard error of cross validation. 
Table A15. Geostatistics information for spatial analysis of soil electroconductivity. Active 
lag distance is 0.0034 with a lag class interval of 0.00034. 
Characteristic Model Nugget Sill Range Proportion r2 Reduced 
Sum of 
Squares 
Soil electroconductivity 
Spherical 21.96 43.93 0.02 0.50 0.01 95.1 
* Exponential 22.78 45.57 0.02 0.50 0.01 86.8 
Linear 23.97 24.76 0.003 0.03 0.01 3.97E+08 
Linear to 
sill 22.71 45.43 0.02 0.50 0.01 88.3 
Gaussian 24.22 48.45 0.02 0.50 0.02 85.6 
* indicates the model that was selected to create a semivariogram and interpolate a map. 
123 
Table A16. Geostatistics information for spatial analysis of species composition collected 
July, 2001. Active lag distance is 0.0034 with a lag class interval of 0.00034. 
Characteristic Model Nugget Sill Range Proportion r2 Reduced 
Sum of 
Squares 
Legume 
* Spherical 777 1555 0.01 0.50 0.40 91786 
Exponential 769 1572 0.01 0.51 0.40 91389 
Linear 780 1053 0.003 0.26 0.40 7.027E+16 
Linear to 0.01 0.50 0.40 91796 
sill 778 1557 
Gaussian 835 2275 0.01 0.63 0.37 96834 
Cool-season grass 
Spherical 1025 2051 0.01 0.50 0.73 60141 
* Exponential 995 1991 0.005 0.50 0.75 55438 
Linear 1033 1474 0.003 0.30 0.72 3.425E+17 
Linear to 0.01 0.51 0.72 61213 
sill 1031 2083 
Gaussian 1117 2235 0.004 0.50 0.63 81126 
Warm-season grass 
* Spherical 545 1091 0.02 0.50 0.28 39161 
Exponential 545 1173 0.01 0.54 0.27 39724 
Linear 547 684 0.003 0.20 0.28 7.933E+15 
Linear to 0.01 0.50 0.28 39056 
sill 545 1090 
Gaussian 568 1347 0.01 0.58 0.35 35197 
Other species 
* Spherical 64 193 0.01 0.67 0.91 206 
Exponential 63 327 0.01 0.81 0.90 226 
Linear 64 115 0.003 0.44 0.92 2.39E+15 
Linear to 0.01 0.65 0.92 194 
sill 64 184 
Gaussian 73 346 0.01 0.79 0.98 50.4 
* indicates the model that was selected to create a semivariogram and interpolate a map. 
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Table A17. Geostatistics information for spatial analysis of of species composition collected 
September, 2001. Active lag distance is 0.0034 with a lag class interval of 0.00034. 
Characteristic Model Nugget Sill Range Proportion r* Reduced 
Sum of 
Squares 
Legume 
Spherical 1114 2229 0.02 0.50 0.08 199014 
* Exponential 1153 2307 0.02 0.50 0.08 191720 
Linear 1163 1303 0.003 0.11 0.08 3.189E+1 
c. 
Linear to sill 1152 2305 0.02 0.50 0.08 
O 
192855 
Gaussian 1205 2411 0.01 0.50 0.03 20953 
Cool-season grass 
Spherical 1248 2497 0.02 0.50 0.23 123721 
* Exponential 1256 2513 0.01 0.50 0.25 119869 
Linear 1272 1486 0.003 0.14 0.23 9.311E+1 
i; 
Linear to sill 1271 2543 0.02 0.50 0.11 
O 
122434 
Gaussian 1334 2669 0.01 0.50 0.63 142506 
Warm-season grass 
* Spherical 706 1412 0.02 0.50 0.28 38341 
Exponential 709 1420 0.04 0.50 0.27 38502 
Linear 712 847 0.003 0.16 0.28 1.175E+1 
Linear to sill 711 1422 0.02 0.50 0.28 
0 
38189 
Gaussian 736 1558 0.12 0.53 0.31 36576 
Other species 
* Spherical 52 155 0.01 0.67 0.64 634 
Exponential 52 155 0.01 0.66 0.60 710 
Linear 51 89 0.003 0.42 0.65 7.882E+1 
Linear to sill 52 140 0.01 0.63 0.65 
z. 
621 
Gaussian 57 155 0.00 0.63 0.80 353 
* indicates the model that was selected to create a semivariogram and interpolate a map. 
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Table A18. Geostatistics information for spatial analysis of of species composition collected 
July, 2002. Active lag distance is 0.0033 with a lag class interval of 0.00033. 
— M 
Characteristic Model Nugget Sill Range Proportion r Reduced Sum of 
Squares 
Legume 
Spherical 942 1885 0.01 0.50 0.45 163757 
Exponential 931 2109 0.01 0.56 0.45 161479 
Linear 950 1353 0.003 0.30 0.45 2.604E+17 
Linear to 947 1909 0.01 0.50 0.45 164098 
sill 
Gaussian 1035 3078 0.01 0.66 0.39 181252 
Cool-season grass 
Spherical 1076 2153 0.01 0.50 0.46 169982 
Exponential 1048 2097 0.01 0.50 0.48 163319 
Linear 1084 1502 0.003 0.28 0.45 3.49E+17 
Linear to 1082 2165 0.01 0.50 0.45 170868 
sill 
Gaussian 1177 3171 0.01 0.63 0.36 199929 
Warm-season grass 
Spherical 212 424 0.02 0.50 0.01 9710 
Exponential 219 439 0.02 0.50 0.01 8636 
Linear 234 234 0.003 0.001 0.01 7609 
Linear to 219 438 0.02 0.50 0.01 8761 
sill 
Gaussian 233 465 0.02 0.50 0.02 7714 
Other 
Spherical 52 155 0.01 0.67 0.64 634 
Exponential 52 155 0.01 0.66 0.60 710 
Linear 51 89 0.003 0.42 0.65 7.882E+12 
Linear to 52 140 0.01 0.63 0.65 621 
sill 
Gaussian 57 155 0.004 0.63 0.80 353 
* indicates the model that was selected to create a semivariogram and interpolate a map. 
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Table A19. Geostatistics information for spatial analysis of of species composition 
collected September, 2002. Active lag distance is 0.0034 with a lag class interval of 
0.00034. 
Characteristic Model Nugget Sill Range Proportion i* Reduced 
Sum of 
Squares 
Legume 
Spherical 777 1555 0.01 0.50 0.40 91786 
* Exponential 769 1572 0.01 0.51 0.40 91389 
Linear 780 1053 0.003 0.26 0.40 7.027E+16 
Linear to 778 1557 0.01 0.50 0.40 91796 
sill 
Gaussian 835 2275 0.01 0.63 0.37 96834 
Cool-season grass 
Spherical 1025 2051 0.01 0.50 0.73 60141 
* Exponential 995 1991 0.005 0.50 0.75 55438 
Linear 1033 1474 0.003 0.30 0.72 3.245E+17 
Linear to 1031 2083 0.01 0.51 0.72 61213 
sill 
Gaussian 1117 2235 0.004 0.50 0.63 81126 
Warm-season grass 
* Spherical 545 1091 0.02 0.50 0.28 39161 
Exponential 545 1173 0.12 0.54 0.27 39724 
Linear 547 684 0.003 0.20 0.28 7.933E+15 
Linear to 545 1090 0.01 0.50 0.28 39056 
sill 
Gaussian 568 1347 0.01 0.58 0.35 35197 
Other 
* Spherical 64 193 0.01 0.67 0.91 206 
Exponential 63 327 0.01 0.81 0.90 226 
Linear 64 115 0.003 0.44 0.92 2.39E+13 
Linear to 64 184 0.01 0.65 0.92 194 
sill 
Gaussian 73 346 0.01 0.79 0.98 50.4 
* indicates the model that was selected to create a semivariogram and interpolate a map. 
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Table A20. Leaf area measurements collected for a competition greenhouse study. 
Temperature treatment Smooth brome Switchgrass Big bluestem 
------ - (g/cm ) 
20C 0.013 0.016 0.018 
30C 0.013 0.015 0.017 
Table A21. Light capacity measurements collected for various densities of focal and 
associate species in a competition study in the greenhouse. 
Species Density IL 
(Lux) 
PPFD 
(micro|j/s/m2) Q I 2  (W/m2) 
Big bluestem 0 8132.9 132.3 250.3 
4 3203.5 51.9 109.4 
8 2764.0 44.7 98.3 
16 2810.3 39.8 94.3 
Smooth brome 4 3260.7 51.4 130.2 
Switchgrass 0 6552.6 105.6 186.4 
4 2335.3 38.1 132.3 
8 2213.6 35.1 136.2 
16 2104.1 33.6 80.5 
t IL, Illuminance; PPFD, Photosynthetic Photon Flux Density; QI, Quantum Irradiance. 
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Table A22. Light capacity measurements collected for various densities of focal and 
associate species in a competition study in the greenhouse. 
Temperature Cut Species Density IL PPFD QI 
(Lux) (micro|j/s/m2) (W/m2) 
20C 
30C 
Big bluestem 
Smooth 
brome 
Switchgrass 
NC Big bluestem 
Smooth 
brome 
Switchgrass 
Big bluestem 
Smooth 
brome 
Switchgrass 
NC Big bluestem 
Smooth 
brome 
Switchgrass 
0 
4 
8 
16 
4 
0 
4 
8 
16 
0 
4 
8 
16 
4 
0 
4 
8 
16 
0 
4 
8 
16 
4 
0 
4 
8 
16 
0 
4 
8 
16 
4 
0 
4 
8 
16 
16286.3 
5612.4 
3428.7 
4298.2 
7060.7 
10707.3 
4257.6 
3956.0 
3844.4 
10538.5 
2976.6 
4290.7 
2740.9 
3628.2 
11457.5 
2841.3 
2217.2 
2447.3 
3085.0 
2883.9 
1811.0 
2482.8 
1641.4 
2235.3 
937.2 
1427.8 
1181.0 
2621.8 
1341.0 
1525.5 
1719.5 
712.8 
1810.3 
1305.1 
1253.4 
943.7 
262.2 
89.7 
54.9 
45.4 
112.2 
171.2 
71.6 
61.6 
63.3 
173.3 
47.4 
70.7 
42.9 
55.9 
185.9 
45.2 
35.6 
38.3 
50.7 
48.7 
29.6 
42.6 
26.4 
36.6 
14.8 
23.5 
18.3 
43.0 
21.6 
23.6 
28.4 
11.2 
28.8 
20.7 
19.8 
14.3 
529.5 
178.9 
134.0 
126.1 
305.9 
299.7 
332.5 
134.4 
147.6 
304.9 
114.0 
147.9 
107.9 
124.4 
322.5 
112.7 
312.3 
89.9 
90.4 
98.5 
64.3 
87.2 
62.7 
70.2 
39.8 
53.6 
50.2 
76.4 
46.1 
46.9 
56.0 
27.8 
53.3 
44.0 
44.6 
34.4 
t IL, Illuminance; PPFD, Photosynthetic Photon Flux Density; QI, Quantum Irradiance. 
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Table A23. Tiller count on a per plant basis for three grass species grown at various 
densities under different temperatures and clipping regimes (with seven week intervals 
for harvests). 
Harvest Temperature Cut Density Smooth brome Switchgrass Big bluestem 
- (No. tillers/plant)— 
20°C Cut 0 3.60 2.32 0.30 
4 4.70 0.53 0.31 
8 2.73 0.33 0.27 
16 2.05 0.32 0.28 
20°C No cut 0 4.18 1.07 0.34 
4 3.72 0.42 0.47 
8 2.95 0.49 0.29 
16 2.35 0.31 0.26 
30°C Cut 0 2.79 1.83 0.52 
4 2.57 1.15 0.49 
8 1.68 0.88 0.42 
16 1.22 0.64 0.34 
30°C No cut 0 2.20 1.37 0.48 
4 1.32 0.89 0.30 
8 1.10 0.86 0.24 
16 0.86 0.74 0.25 
20°C Cut 0 7.89 2.91 1.65 
4 9.70 1.16 0.65 
8 4.70 0.69 0.44 
16 3.03 0.70 0.33 
20°C No cut 0 6.09 3.04 0.78 
4 7.54 0.82 0.48 
8 5.48 0.41 0.39 
16 3.73 0.32 0.24 
30°C Cut 0 7.55 3.78 0.94 
4 8.82 1.07 0.83 
8 4.98 1.36 0.46 
16 3.34 0.72 0.31 
30°C No cut 0 6.71 4.42 1.68 
4 6.25 1.59 0.77 
8 4.29 1.88 0.57 
16 2.79 0.91 0.41 
Standard errors of means averaged over both harvests and both temperature and cutting 
regimes for smooth brome, switchgrass, and big bluestem: 0.12, 0.07, 0.02, respectively. 
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Table A24. Tiller height for three grass species grown at various densities under different 
temperatures and clipping regimes (with seven week intervals for harvests). 
Harvest Temperature Cut Density Smooth brome Switchgrass Big bluestem 
•— (cm/plant)— 
20°C Cut 0 11.88 18.15 8.30 
4 14.51 8.19 5.02 
8 10.87 7.31 3.37 
16 9.18 5.53 3.38 
20°C No cut 0 12.77 15.22 7.67 
4 11.92 7.60 3.41 
8 10.11 5.31 3.32 
16 9.38 5.17 2.85 
30°C Cut 0 11.83 20.23 17.59 
4 11.72 17.56 14.20 
8 10.18 14.90 11.62 
16 9.48 12.49 8.73 
30°C No cut 0 11.04 22.50 17.72 
4 10.57 16.98 13.76 
8 10.04 15.72 10.84 
16 9.14 13.24 8.78 
20°C Cut 0 11.71 24.45 16.44 
4 11.97 9.53 5.29 
8 10.34 11.45 3.67 
16 9.38 12.23 3.43 
20°C No cut 0 11.77 23.00 19.17 
4 10.63 11.59 6.88 
8 10.68 10.18 5.50 
16 12.85 9.76 5.13 
30°C Cut 0 11.59 25.29 27.86 
4 14.31 11.24 7.23 
8 10.14 13.41 7.01 
16 10.03 13.91 4.57 
30°C No cut 0 13.89 21.55 10.31 
4 12.33 10.29 6.98 
8 12.11 9.41 3.73 
16 9.72 6.77 6.97 
Standard errors of means averaged over both harvests both temperatures and both cut 
regimes for smooth brome, switchgrass, and big bluestem: 0.21, 0.50, 0.47, respectively. 
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Table A25. Relative competition intensity between various densities of warm-season 
and cool- season grasses under different temperatures and clipping regimes (with seven 
week intervals for harvests). 
Harvest Temperature Cut Density Smooth brome Switchgrass Big bluestem 
1 20°C Cut 4 0.14 0.79 0.66 
8 0.41 0.88 0.85 
16 0.66 0.94 0.92 
20°C No Cut 4 0.11 0.87 0.85 
8 0.47 0.95 0.93 
16 0.71 0.95 0.96 
30°C Cut 4 0.18 0.56 0.34 
8 0.43 0.60 0.62 
16 0.66 0.79 0.85 
30°C No Cut 4 0.37 0.51 0.53 
8 0.56 0.59 0.78 
16 0.75 0.73 0.90 
2 20°C Cut 4 0.07 0.95 0.90 
8 0.44 0.96 0.97 
16 0.68 0.99 0.99 
20°C No Cut 4 0.14 0.96 0.98 
8 0.46 0.98 0.98 
16 0.74 0.99 1.00 
30°C Cut 4 0.11 0.86 0.82 
8 0.51 0.86 0.87 
16 0.75 0.93 0.96 
30°C No Cut 4 0.12 0.82 0.88 
8 0.51 0.84 0.96 
16 0.77 0.87 0.99 
Standard errors of means averaged over both harvests for smooth brome, switchgrass, and 
big bluestem: 0.05, 0.03, 0.03, respectively. 
132 
Table A26. Carbon : nitrogen ratios of species under various temperature, clipping and 
Harvest Temperature Cut Density Smooth brome Switchgrass Big bluestem 
1 20°C Cut 0 17.02 20.96 24.85 
4 18.30 34.24 29.44 
8 18.40 28.60 103.85 
16 20.22 31.64 184.61 
20°C No Cut 0 19.32 24.23 23.61 
4 19.79 40.34 40.03 
8 21.18 36.95 253.68 
16 20.60 74.91 252.39 
30°C Cut 0 15.56 28.98 31.72 
4 15.11 29.69 43.36 
8 14.63 31.99 41.13 
16 15.43 34.23 35.64 
30°C No Cut 0 18.82 32.73 31.00 
4 23.19 34.15 38.42 
8 23.98 35.63 24.74 
16 21.07 29.71 26.97 
2 20°C Cut 0 14.58 17.39 19.02 
4 17.54 17.51 80.57 
8 15.55 92.25 71.61 
16 14.74 108.18 138.05 
20°C No Cut 0 13.82 21.71 21.47 
4 14.82 87.90 94.23 
8 14.84 17.67 98.82 
16 13.86 60.60 65.27 
30°C Cut 0 12.77 19.67 19.85 
4 13.21 32.72 43.05 
8 14.08 22.37 79.60 
16 14.73 53.28 81.25 
30°C No Cut 0 13.17 19.29 19.14 
4 13.15 20.16 60.83 
8 13.07 20.03 71.75 
16 13.50 22.36 23.05 
Standard errors of means averaged over both harvests both temperatures and both cut 
regimes for smooth brome, switchgrass, and big bluestem: 0.57, 4.11, 10.90, respectively. 
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Figure Al. Interpolated map of legume species composition across pastures in 
September, 2001 using the dry-weight rank method. 
Cool-season grass 
composition 
(%) 
• 80-100 
M 60-80 
40-60 
20-40 
0-20 
Figure A2. Interpolated map of cool-season grass species composition across pastures in 
September, 2001 using the dry-weight rank method. 
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Figure A3. Interpolated map of warm-season grass species composition across pastures 
in September, 2001 using the dry-weight rank method. 
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Figure A4. Interpolated map of other species, such as weedy species, found in 
composition of pastures in September, 2001 using the dry-weight rank method. 
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Figure A5. Interpolated map of legume species composition across pastures in July, 2002 
using the dry-weight rank method. 
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Figure A6. Interpolated map of cool-season grass species composition across pastures in 
July, 2002 using the dry-weight rank method. 
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Figure A7. Interpolated map of warm-season grass species composition across pastures 
in July, 2002 using the dry-weight rank method. 
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Figure A8. Interpolated map of other species, such as weedy species, found in 
composition of pastures in July, 2002 using the dry-weight rank method. 
137 
Legume composition 
(%) 
• 80-100 
60-80 
40-60 
20-40 
0-20 
Figure A9. Interpolated map of legume species composition across pastures in 
September, 2002 using the dry-weight rank method. 
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Figure A10. Interpolated map of cool-season grass species composition across pastures 
in September, 2002 using the dry-weight rank method. 
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Figure All. Interpolated map of warm-season grass species composition across pastures 
in September, 2002 using the dry-weight rank method. 
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Figure A12. Interpolated map of other species, such as weedy species, found in 
composition of pastures in September, 2002 using the dry-weight rank method. 
